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FOREWORD 


At the National Institute of Standards and Technology (NIST), our primary mission is to promote U.S. 
economic growth by working with industry to develop and apply technology, measurements, and standards. 
We carry out this mission through a portfolio of four major programs: 


* a rigorously competitive Advanced Technology Program providing cost-shared grants to industry for devel- 
opment of high-risk technologies with significant commercial potential; 


* a grassroots Manufacturing Extension Partnership helping small to medium-sized companies adopt new 
technologies; 


* a Strong laboratory effort planned and implemented in cooperation with industry and focused on measure- 
ments, standards, evaluated data, and test methods; and 


* a highly visible quality outreach program associated with the Malcolm Baldridge National Quality Award. 


There are common threads running through each of these programs: they are designed to spur innovation 
and they all foster industrial partnerships. 

Strategic partnerships, the new paradigm of the nineties, have proved to be, in most cases, a ‘““win-win”’ struc- 
tural arrangement for all partners. Strategic partnerships and other corporate alliances have resulted in the 
formation of “virtual enterprises” in a broad spectrum of functions, including research and development of new 
products, that is gradually replacing rigid hierarchical structures of vertically integrated companies. 

The majority of small companies, however, do not participate in this process to the full extent of their capa- 
bilities because of their limited human and material resources. Therefore, small firms that are engaged in 
developing and marketing a single product or a limited line of products are often not aware of the many oppor- 
tunities that exist outside their main line of business. And yet, because small companies are frequently 
endowed with a great deal of enthusiasm, entrepreneurial spirit, motivation, and intellectual capital, they could 
increase their spectrum of new products given the opportunity. At the same time, small entrepreneurial compa- 
nies often represent a resource of “‘niche”’ technologies that large corporations could help commercialize and 
market worldwide. 

By promoting strategic partnerships between small to medium-sized technology-based companies and large 
manufacturing corporations, the NIST “Opportunities for Innovation” Program aims at facilitating and acceler- 
ating the commercialization of technology. Through regional workshops and monographs like this one, the 
Program stimulates the intercorporate transfer of technological information. 

This monograph, “Opportunities for Innovation in Advanced Surface Engineering”, was conceived with the 
needs of a small company in mind. It provides the technical staff of a small firm with a “multi-company” report 
on the best opportunities for new business endeavors in a technology-driven market. 

Each chapter of the monograph, written by an expert in the field, focuses on one specific issue of surface 
engineering where new technical advances hold promise of early commercialization and entry into a new 
market. The authors point out the barriers and shortcomings in current, state-of-the-art practice that prevent 
the commercialization of the current technological knowledge and that represent an opportunity for a small 
firm. 

Using the technological information in this monograph as a basis, we plan to hold a series of regional work- 
shops that will include both small companies and large manufacturers. The workshops also will provide discus- 
sions on business opportunities and the availability of financial and material resources. 

The Program has already produced monographs and workshops dealing with polymer composites, a fast 
evolving technology, finding wide applications in the automobile, aerospace, and consumer goods markets; 
chemical and biological sensors for the chemical and processing, automotive and power-generating, and health 
care industries; advanced manufacturing technology that addresses the needs of small to medium-sized firms 
engaged in the manufacturing of discrete parts; and biotechnology spanning the whole field from health care to 
agriculture. 

It is by improving the flow of technological information and encouraging the formation of strategic industrial 
partnerships that we hope to help U.S. companies accelerate commercialization of technological advances. 


Arati Prabhakar 
Director, NIST 


ili 


re we 


; 7 
' rs | 91 Gh ee 
. ; j ira X Z 
ial) « i 7 ED 7 ay : i : 
1 te ee fe 7 7 


re 


Pa hs tn ee 


{ ah fy Geena We epeeiblan ‘patina han 
wae q ig, nezage a, Oy eit || dhtgg veel P 
Ge et ate ry & Wg) \ien Nae eS, ec 
12 man tgpee™ Hester park, to peatanp aA sdiceaal : 
F, ‘es ™ HR sg ilent! © ive x rigs vei “a wil aie 


“) , yriécaniee "| Srviget ota pneyiyhs thule 
t j ; a ae ‘ 
te) : : at satan -'\ fib he eats e rt AYA ‘var 
? =a & “f ria; DvE' 160 r Nes vy wn 
a - oe ( > 
a J ¥ 7a? » a 
- “ ; . 
: j 14 
i U 4 © 
- ; y * ; 
’ 
a t ' 
4 44) ‘ 
if ro a ' : 
f y ' Ve ah > 
‘ Kt | “ne én ; i 
' oy 
; : i ee oY 
48 i 
ve be | Oe 
Is, eT 
ob o n 
in) a 
; ‘ + ‘7 / 
v) u ’ 
. oe 2 
s ! 
Ri 
t Lay i | 
4 ad ba | 
iy og 
: : : 
\ 7 : ses 
, tie canal ag 
i ; i 4) 
ry Ayer ip Fy Te * Ta de ee >) ywe 7 ‘ 
4 Pubieyaws EY gited ot ahead aw tale 
AT > Snh ye 
A el. é 
; Vi, i) 
+) b: Leh j : 
e 4 i. mm fom] 
ye t i" ut 7" 
vi © wea» 
= i og Ys oF - 
' oe s *, ¢ 
, ips i, 
4 7 ; - 
‘ - Liat en 
, Ye so. : 
i) i 7 Biol a ’ 
i ra) ae oe 
=. é , a 
¢ - : as ‘bo 7 : + “ . 
: "hy Lae kl i ae 


PREFACE 


Every manufactured component interacts with the environment via its surface. The surface is therefore 
generally the source of its ultimate deterioration through wear, corrosion, fatigue, oxidation or other 
failure mechanism. To combat these attacks, surface treatments have been used for many years— indeed, 
for millennia. We are all familiar with some established surface treatments, such as glazing, painting, or 
electroplating. Many people are also familiar with less common surface treatments, such as case harden- 
ing, carburizing, and salt bath nitriding. Over the last 20 years more advanced surface treatments have 
been developed. While some have been widely deployed (PVD, CVD, thermal spray, and plasma nitrid- 
ing, for example), others are less commonly used, or are just beginning to appear commercially 
(including ion implantation, diamond coating, and laser coating). 

The need for advanced surface engineering is growing with the increasing demands being placed on 
engineering materials. At the same time, increasing emphasis on quality and environmental impact is forc- 
ing reductions in the use of many of the older processes. Consequently, there is an expanding market for 
advanced surface treatments to provide the properties that will be required of 21st century materials used 
in machinery, consumer products, optics, and biomedical implants. 

Most of the advanced surface treatments are presently provided by small companies specializing in 
particular processes. Successful suppliers know that it is not enough to master a single process and apply 
it indiscriminately to all components. The successful provider of these treatments must have the knowl- 
edge base to match the materials and the required use conditions of the components being processed with 
his coating materials and processing options. This materials and process knowledge is combined with good 
quality control to provide the customer with a well-engineered product. 

The purpose of this volume is to provide information on the basics of advanced surface engineering 
processes to small businesses, especially to those not currently directly involved with the technology, in 
order to make them aware of the current state of the art. Each chapter has been written by an industrial 
expert in the particular area, and following the basic description of the technology are sections outlining 
the needs of the surface treatment (such as better controls, improved materials, or better knowledge of 
fundamental processes) and the future markets that can be expected to open. Meeting these needs and 
exploiting these new markets is likely to be best done by the combined efforts of present providers with 
companies whose experience lies in entirely different areas, and it is this type of cross-fertilization that 
this volume seeks to promote. 

We are indebted to the authors of the individual chapters, who put in long hours of effort, and to 
Dr. Jarda Ulbrecht of NIST, who guided the overall effort and assured that the manuscripts and figures 
met the proper standards of quality and readability. 


William D. Sproul and Keith O. Legg 
BIRL Industrial Research Laboratory 
Northwestern University 


, a ri . an . # fi gs 
: ) i - 2 ; s 
nye = A kee 


s a > 
a] : i 
7 mre ae 
- = 5 — 
‘uy 7 « ° ij 
° a ia8 " a ot 7 
a 


. iPaper ee Gay ae re atHi ioennen th 
Be ae nvoge, Asie ele Se a 
2 weowmeatap ? wie oi " geadl eden’ OF 3 hai 

wens) estore ye «ila to fe) ie eee ake 
) nis drei Wan me ore Sphere a nical 

. re abt BA Yor? pices Sib hind pia ie 

) js ‘fate? i poawt signe BW 


y pre i 16 dead 
steve? id kite Wireweth ected 
set eT Se : hw snl 
P : Vere: 5 ; 


& , E ’ ae, fi 


» peaediand 
/ iY ale 
a tty Qaae we 

i> ona tari 
é ) Mole (enna - 
si ayy. 
: a 
cy 1} _ nit (ee 


2 ¢ 
J 
° — 
[ ; 
l et 
‘ 
4 { 1A 
5 _>»ae 
ye ia 
=f 
i 
Ws: Pi ; 
‘ ‘ 
4 7 of t ¥ iL 
i she » 
‘ . - f 
LP nga Te oe i 

co 7 1 a 
~ id ws 

“y y 4 iy” - a | : na 

z ey ee Thal 


TABLE OF CONTENTS 


Page 

—EBANAAS GUL ire, ERS Rak tins Sar SAS Et ey aa ee Rg ni Ore eh OMENS PUR ree unm aes Sag oN ill 
Arati Prabhakar, Director, NIST 

TL EOS a cc SS RUN eapew nn Ue air Par eae ane BL rarer Gear rarnariy RI geen SUNN an A, aE ea a ae a Vv 
William D. Sproul and Keith O. Legg, BIRL Industrial Research 
Laboratory, Northwestern University 

TARE MOT OPAC VANCEC SUT aCe: LTCAtMents sare cee iciae oiytaeion Sites then) oie sha wie eiea via fate ile a lkie ae 1 
William D. Sproul and Keith O. Legg, BIRL Industrial Research 
Laboratory, Northwestern University 

Soy ite CYS OAPI S Oe aN ah 2 Hae fate dire eee i ee ON OR 2 el 0 a ear 7 
Stephen Rossnagel, IMB Laboratories 

(CUD PHOUIYE, (5, hye cies Cet 992 said ae gm peepee is ator te ars aie Searle nd RE rot eee a re ee a arate 29 
Donald M. Mattox, IP Industries 

“CSTR Re Ne TERMETO EES 7s AIR WN oc ns Gn SER nO re eee ae ae | 
Richard H. Horsfall and Raymond P. Fontana 
Multi-Arc Scientific Coatings 

eric VAD ONE OU sila ElaSINA Och. oc. oe ss esos 1c 4 cis st piel, © a9 5 obs moore ns Sve wx 6 since whe vi 65 
Enhanced Chemical Vapor Deposition, Jack Chin, Consultant 

Bec omenme halichives Ol Cnemical Wapot Deposited | oa. os gases ss cde thy 9 g:0n 8 Seite wwieje so fie es 0 sie s'e'e oe 101 
Diamond and Diamondlike Carbon Films, C. H. (George) Wu and M. A. Tamor, 

Ford Research Laboratory 

PENTA LOE ee RN ete nee. ea ee Ee mts on are tek oie ee wk aie ah gO Ors wae ale ete AN 137 
Gary Sharp, Advanced Heat Treat Corporation 

BRRRTILALIUALION este etre hots gat arctic astern ie aot ae nae eo Sed OEE: Bat RES STISE. ora wes Wiaielo lS Gin a ies 145 
James R. Treglio, ISM Technologies, Inc. 

BRET TALE SPL AV CCOALIN ES Bienes 6 cess ow eicute pes A ia ots Bs (ol SEMEN MOF CRs tein! est is tne ee cape a Lerner at wah 161 
Robert C. Tucker, Jr., Praxair Surface Technology, Inc. 

Mevcopmentsinsascr ourtace Modification and, Coating a2... peace apeetom cer ieee fee aes See ee 177 


Dr. J. A. Folkes, Center for Advanced Materials (ZFW) 


Vil 


¢ vian 
i] 
6 f 
1, " 
‘ 
’ 
aT ea 
> 
‘ 
ah 
i 
a 
! 
i 
‘ 
Ay 
ar 
fe é 
1 
‘ 
Y 
= 
’ 3 
er 
se 6 oh 
ve 


Wie « 
‘ \t 
1 
¥ 
‘ of | 1 
4 ji- i inl 
al piel apakt 
; ra 
TT) 
a af 7 
—_— oe 
* pe A” 
a oa Did Ad 
r- 
“a. 
7 7 
: +¢ a ae 
ie as : ho 
ot PSs 
my ia eo: aa 
be, a, ; ‘Y  & 
, oe ieee or 
Le Decal ai i i‘ 
te <7 


- 


7 mV) wer gate a | 
nage. of eae 


Introduction to Advanced Surface 
Treatments 


William D. Sproul and 
Keith O. Legg 


BIRL Industrial Research 
Laboratory 

Northwestern University 

Evanston, IL 60201 


Tel: (708) 491-4108 
Fax: (708) 467-1022 


1. Overview 


Surface treatments are critical to the engineer- 
ing of modern machine components and tools, 
where the underlying material is chosen for its bulk 
properties (elastic modulus, hot hardness, etc.) 
while the surface is treated to provide the neces- 
sary surface properties (corrosion or wear resis- 
tance, for example). Treatments historically range 
from glazing and painting to gas carburizing and 
electroplating. In recent years, a host of new 
surface treatments have come into existence, partly 
in response to the shortcomings and environmental 
problems of older methods, and partly as a result 
of advances in materials, (such as ceramics and 
composites) and technologies (such as vacuum 
processing and high power lasers). 

This monograph covers a range of modern 
surface treatments that provide mechanical 
components with improved tribological (friction 
and wear) or corrosion properties. Broadly, these 
treatments can be broken down into those that 
work by depositing a protective layer — 


* sputtering 
* ion plating 
* arc deposition 


Advanced surface treatments are be- 
ing used increasingly for industrial pro- 
duction. This chapter introduces the 
general area of advanced treatments and 
discusses their common requirements 
and the considerations that must be 
taken into account when applying them. 


Key words: coating; heat treatment; pro- 
duction; process control; quality control; 
surface engineering; surface treatment; 
testing. 


¢ chemical vapor deposition 
¢ thermal spray 

¢ laser coating 

¢ and diamond coating 


and those that work by modifying the existing 
surface by chemical addition or heat treatment — 


¢ ion implantation 
¢ laser hardening 
¢ plasma nitriding. 


The specific technologies covered in the mono- 
graph are representative of modern surface treat- 
ments and cover the basic treatment methods, but 
they are by no means comprehensive. Many varia- 
tions of these methods exist, and new technologies 
are constantly being developed. Processes are 
increasingly being combined for better effective- 
ness—e.g., plasma nitriding or ion implantation 
with ceramic coating. 

The market for surface treatments is growing as 
increasing demands are placed on modern high per- 
formance materials. As engineers recognize that 
the surface properties of a component can be just as 


critical as those of its base material, they are 
increasingly turning to modern surface engineering 
to provide those properties. At the same time, 
many of the older methods of surface treatment, 
which were the mainstays of industrial engineers, 
are becoming environmentally unacceptable, and 
will become prohibitively costly over the next few 
years - for example, salt bath nitriding, cadmium 
plating, and chrome plating. Alternatives to these 
treatments will have to be found and adopted on a 
wide scale within a very few years. This will open 
up new high-volume markets for advanced surface 
treatments. 

Engineers who are accustomed to the relatively 
high prices of applying advanced surface treat- 
ments to rather small numbers of tools such as 
cutters and molds, are finding that the costs can be 
brought down to acceptable levels for volume pro- 
duction of components. As a result, treatments that 
used to be considered almost exclusively for costly 
tools or high value electronics are now being ex- 
ploited for cheaper items, such as shaver foils, 
gears, and computer discs. As volume production 
systems and controls become more widely avail- 
able, we expect the market for these treatments to 
grow. 

Treatment of many components, such as gears 
and consumer items used to be impossible because 
of the high temperatures required. Some of the ad- 
vanced surface treatments are now available at 
temperatures low enough to make it possible for 
them even to be used on plastics. This too will open 
up new markets for these technologies. 

All of the surface treatment technologies 
described here are already in use industrially on 
varying scales. Their evolution into large scale pro- 
cesses has created a need for improvements in 
equipment, processes, and controls. These needs 
are discussed in each chapter. However, although 
the different treatments vary markedly in their par- 
ticulars, they have many points of commonality 
(which we address below), so that improvements 
addressing one technology are often applicable 
across a broad range of technologies. This means 
that the markets for improved equipment or pro- 
cess control techniques are often broader than one 
might at first imagine. 


2. Features and Considerations Common 
to Advanced Surface Treatments 
Energy 


All the surface treatments described here em- 
ploy some means of depositing energy into the 


surface in order to effect some metallurgical 
change or to ensure formation of high quality sur- 
face layers. Whereas older methods of treatment 
frequently involved the application of heat to the 
entire part (as in gas carburizing, for example), the 
newer methods usually add energy and material 
into the surface, keeping the bulk of the object 
relatively cool and unchanged. This allows surface 
properties to be modified with minimal effect on 
the structure and properties of the underlying 
material. 

For example, plasma nitriding uses plasma (ion 
and electron) bombardment of the surface to clean 
it and inject nitrogen. Sputtering, ion plating, and 
arc deposition all bombard the surface with ions 
from a plasma during coating to provide the energy 
needed for the formation of dense, well-bonded 
films. In ion implantation, the ion beam deposits 
energy in the outermost few tenths of a micron, 
disrupting atomic bonds, allowing rapid diffusion, 
and permitting the creation of metastable materi- 
als. Laser cladding uses the fact that light is 
strongly absorbed in the surface to create intense 
local heating that forces metallurgical alloying at 
the surface to provide a strong bond. Similarly, 
laser glazing modifies only the outermost layer of 
the material, leaving the inside untouched. 

Therefore, improved methods of monitoring and 
controlling surface temperature and energy deposi- 
tion would be of use to almost all the advanced 
surface treatments. 


Plasmas 


Almost all the surface treatments covered here 
use plasmas (i.e., clouds of ions and electrons from 
which particles can be extracted), primarily to 
lower process temperatures by adding energy to 
the surface in the form of kinetic energy of ions 
rather than thermal energy: 


¢ Plasma nitriding uses a plasma to provide heat 
and surface cleaning. 

¢ The arc used in arc deposition is an intense 
plasma that provides large numbers of metal 
ions. 

¢ Ion beams are always formed from plasma 
sources of various types. 

¢ Plasma spraying uses a plasma to melt the spray 
powder. 

¢ All of the physical hard coating methods (sput- 
tering, ion plating, and diamond deposition) 
bathe the surface in a plasma to provide the 
energy for proper film formation. 


To meet production requirements of uniformity 
and reproducibility, there is a growing market for 
simple methods of generating, controlling, and 
monitoring large-volume plasmas— power supplies 
capable of excellent arc suppression, simple probes 
and plasma analysis software, for example. 


Vacuum 


Almost all of the advanced surface treatments 
(except most thermal spray and laser methods) 
require the use of vacuum chambers to ensure 
proper cleanliness and control. In fact, it is the 
advent of simple, relatively inexpensive vacuum 
equipment that has made many of them cost- 
effective. 

If vacuum processing is used properly the pay- 
back in reliability and product quality is worth the 
added cost and complexity. Vacuum processes are 
generally more expensive and difficult to use than 
liquid or air processes, and the correct design of 
vacuum processing equipment is important. At the 
outset, one must decide whether to employ batch, 
load lock, or continuous processing. Batch process- 
ing is easier and cheaper to set up, but it consumes 
a great deal of time in vacuum cycling. It is also dif- 
ficult to remove residual water vapor from the 
chamber and fixturing surfaces, and this water 
vapor may contaminate the process. Load lock and 
continuous flow processing have higher capital costs 
and complexity, but are cheaper and faster for pro- 
cessing large numbers of similar items. Once these 
chambers are pumped down initially, they do not 
have to contend with water vapor problems, and the 
cycle time of components to and from vacuum is 
minimal. 

The choice of the pumping system depends on 
the demands of the process (ultimate vacuum, gas 
flow rates, etc.) and on the cycle time required. Dif- 
fusion, cryo-, and turbo-pumps all have different 
advantages and disadvantages, and any competent 
vacuum professional or equipment company should 
be able to match the equipment to the needs of the 
process. 

While basic vacuum equipment (even of very 
large size) is now readily available, there is still a lot 
of room for simplification. For example, most pro- 
cesses still require two different types of pumps, 
two types of gauges, and a variety of valves, plumb- 
ing, and controls. Simple, industrially accepted 
methods for measuring vacuum cleanliness, check- 
ing for leaks, etc., are readily available, but are rel- 
atively expensive and little used in industry, 


although solid advances have been made in recent 
years. The growth of advanced treatments is driv- 
ing a developing market for simpler pumps, gauges, 
mass spectrometers, and other hardware and 
instrumentation. 


Difficult Geometries and Large Areas 


When choosing a process for a particular appli- 
cation, the process must be matched to the end 
use, the geometry of the component to be treated, 
and the material of which the component is made. 

For example, while most of the technologies cov- 
ered here can be used for large scale industrial 
production, the directed beam techniques, such as 
ion beam implantation, thermal spray, and laser 
methods, are generally more suitable for treating 
small components, or small areas on large compo- 
nents, since the treatment time for these processes 
is proportional to the area to be treated. 

Methods for treating the insides of holes and 
tubes are limited. High temperature methods such 
as thermal chemical vapor deposition (CVD) are 
very effective, but are limited to those materials 
capable of withstanding high temperatures. Lower 
temperature treatments, such as plasma nitriding 
and plasma spraying can be used, but only if the 
dimensions are adequate. 


Quality Control of Advanced Surface Treatments 


In adopting advanced surface treatment tech- 
nologies, one must also adopt adequate quality 
assurance tests. Satisfactory QC and QA tests are 
available, but one must be circumspect in choosing 
tests that properly reflect the requirements placed 
on the treated component. One must be especially 
careful in applying older test methods to advanced 
treatments. Engineers frequently attempt to apply 
older standards, and find them wholly inadequate 
for testing the new treatments. In contrast to older 
coatings, such as electroplates, paints, and glazes, 
whose thickness is usually measured in thousandths 
of an inch, advanced surface treatments are usually 
thin—i.e., they apply or modify a layer only up to 
about 5 wm (0.0002”) thick. Thicker coatings are 
often unnecessary, or even counterproductive, 
because of the extreme hardness of the advanced 
coatings. Thinner treatments are usually less ex- 
pensive, and depositing energy only into the sur- 
face keeps the component relatively cool. The 
thinness of these advanced surface treatment layers 
often makes it difficult to carry out quality control 
checks using traditional methods. 


Methods such as Rockwell hardness testing, that 
work well on gas carburized material or hard 
chrome, cannot be used on ion implanted materials 
or most physical and chemical vapor deposited ma- 
terials, since the surface layers are far thinner than 
the depth of a typical indent. Microhardness meth- 
ods, such as Vickers and Knoop hardness, can be 
used, but their numbers must be treated with some 
caution, since they vary with the thickness of the 
treated layer. Very low load indentation hardness 
equipment is currently too expensive and sensitive 
for shop floor use. 

Similarly, the older methods of measuring coat- 
ing thickness, such as eddy current testing, are not 
usable for measuring thin layers. Other methods 
must be used, such as x-ray fluorescence, ball 
cratering, or cross-sectional microscopy. 

Because most advanced coatings adhere ex- 
tremely strongly to the underlying material, the 
older methods of measuring adhesion—the Scotch 
Tape test, adhesive pull testing, etc.,—cannot 
reach the high ranges required. Methods that can 
do so, such as scratch testing, do not give absolute 
numbers, but for the same coating on the same 
substrate, the scratch test is an excellent relative 
test for adhesion. In general, one must find or 
define a test that works for a particular application, 
and consequently, one must be careful in applying 
that test to other materials, components, or surface 
finishes. 

Similarly, the chemistry of advanced surface 
layers can be difficult to measure, partly because of 
the limited amount of material, and partly because 
the differences between a good coating and a bad 
one, for example, are often subtle. Diamond coat- 
ing is a good example of this. 

With the growth of advanced surface treatments 
there has therefore developed a market for im- 
proved industrial methods of measuring hardness, 
adhesion, chemistry, and other properties of 
surface layers. 

In consonance with improved measurement 
equipment and methods, there is a definite need 
for new accepted engineering standards for hard- 
ness, adhesion and other surface properties that 
the industrial engineer can apply to modern thin 
coatings. 


Testing of Performance 


The choice of valid tribological tests has always 
been a matter of considerable debate, and truly 
universal methods have never been devised, either 
for the old treatments or for the new. One common 


approach is to use a simple screening test (pin-on- 
disk, for example) that gives a rough feel for the 
relative performance, but no measure of actual ex- 
pected performance in use. Alternatively the test 
can be made to duplicate the real life situation as 
closely as possible, but usually at higher loads or 
speeds to achieve measurable results in a reason- 
able time. 

Neither approach is wholly satisfactory, although 
careful attention to detail can yield very useful tri- 
bological data. Screening tests must be chosen 
carefully to engender the correct failure mecha- 
nisms, otherwise they may correlate poorly with 
actual performance. In accelerated testing, loads 
and speeds must be chosen with care to ensure that 
they do not move the test into a totally different 
failure regime, where the results are meaningless. 

In measuring the performance of surface engi- 
neered materials, simple tribological tests would be 
very useful that could easily be used by industrial 
engineers and could accurately predict perfor- 
mance. Combined with this, simple methods for 
measuring very low wear rates in actual field use 
would be invaluable. 


Substrate Cleaning and Coating Removal 


Until recently, the universal practice in prepar- 
ing surfaces for coating or other surface treatments 
involved cleaning with organic solvents, freon, etc. 
Because of environmental concerns and costs, 
these methods are no longer viable. New aqueous 
cleaning methods and solutions have been devel- 
oped and are now used by most surface treatment 
providers, but they are still not widely known or 
well characterized. There is a growing market for 
more-or-less universal cleaners and cleaning sys- 
tems that will ensure a high level of cleanliness — 
even for heavily soiled or oily surfaces—with no 
contamination or rusting, and with easy separation 
of potentially harmful materials, so that residues 
can be disposed of safely and cheaply. 

Most advanced coatings concentrate on provid- 
ing excellent adhesion between the substrate and 
the coating. This is of course essential for high per- 
formance, but it causes difficulty in stripping them 
for refurbishing or for correcting errors in process- 
ing. Many of the advanced coatings are ceramics 
that are virtually impervious to all solvents and 
most acids, and are certainly less reactive than the 
components on which they are placed. Most ad- 
vanced coating companies have developed propri- 
etary stripping techniques. Most of these stripping 
solutions pose environmental or health problems, 


or risk damage to the underlying material. There is 
therefore a growing market for “universal” meth- 
ods of coating removal, whether chemical or physi- 
cal. New methods under study and development 
include lasers, high velocity water jets, and high 
velocity particle suspensions. 


Process Control and Sensing 


Proper process control is critical to the perfor- 
mance of any surface treatment. Advanced pro- 
cesses are capable of producing outstanding 
properties, provided the process is _ properly 
controlled. In common with many of the older pro- 
cesses, quite subtle variations in process conditions 
can be catastrophic. All of the advanced treatments 
incorporate a level of control capable of allowing 
them to work well on a day-to-day production basis. 

For more complex production requirements, 
improved computer process analysis and control 
(such as intelligent processing) is increasingly avail- 
able, but it still generally requires sophisticated pro- 
gramming or system set-up and is often very 
difficult to add onto existing industrial equipment. 
To gain the most from these sophisticated process 
controls, it is necessary to use simple, robust sensors 
capable of monitoring process conditions, such as 
temperatures, plasma parameters, gas constituents, 
etc. The market is therefore growing for robust pro- 
cess sensors and simplified software and hardware 
that will put this modern control technology into 
the hands of the process engineer in industry. 


Linking Treatment Conditions with Properties 
and Performance 


In general, the development of surface treat- 
ments is largely empirical and based on experience. 
There is a general lack of basic information on the 
links between process conditions, material struc- 
ture, material properties, and performance. Analyt- 
ical or computer models capable of linking 
processing conditions with materials structure, and 
ultimately materials structure with properties and 
resultant performance, would be invaluable and 
would ultimately lower development costs and 
reduce time-to-market. 


3. Adopting Advanced Surface 
Treatments for Production 


At the present time almost any advanced surface 
treatment requires some development and modifi- 
cation to match it to any particular item. This 
matching can be very simple, involving nothing 


more than checking that standard process condi- 
tions are adequate. On the other hand, it can be 
very expensive and time consuming, involving the 
development of new processes and detailed field 
testing. Usually one should check both the surface 
treated layer and the underlying component to 
ensure compatibility, and getting the most out of 
an advanced treatment may require the choice of 
new materials or production processes. 

Unfortunately, many companies whose products 
could benefit from advanced treatments are unable 
or unwilling to underwrite this development and 
reject any process whose standard conditions do 
not immediately produce good results. Given the 
empirical nature of the technology at present, this 
frequently results in long-term losses in productiv- 
ity or market performance. It often also costs more 
in personnel time and testing to try out many dif- 
ferent processes than to choose a process carefully 
at the outset and then bring it to production. 

Therefore, if an advanced surface treatment is 
being considered either as a replacement for an 
older process or as a means to gain acceptable per- 
formance for a new component, the process should 
be carefully investigated and costed for develop- 
ment and production. The development cost 
should include a sufficient sum for adequate devel- 
opment to ensure a proper match to manufacturing 
conditions and end use, but the evaluation of long 
term cost should take into account the probable 
improvements in performance, reliability, and 
product life. 
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Sputter deposition is widely used in 
the electronics industry, for producing 
integrating circuits, and in the glass 
industry, for coating architectural glass. 
It is becoming more and more widely 
used for the production of hard, wear 
resistant coatings on tools and machine 
components. At the same time it is 
being incorporated into a new genera- 
tion of integrated production tools in 


Sputter Deposition 


The expansion of its use and widening 
of its market bring new problems and 
new opportunities in the development of 
improved equipment, power supplies, 
and processes. 


Key words: magnetron; plasma; reactive 
sputtering; sputtering; TiN; unbalanced 


the semiconductor industry. 


1. Introduction 


Sputtering and sputter deposition are commonly 
used techniques to alter surfaces. Sputtering, or 
more exactly, sputter etching, is a process by which 
energetic particles (for example, ions) bombard a 
surface and erode it. A macroscopic analogy would 
be sandblasting. The sputter etching process results 
in the removal of the surface layers, exposing the 
underlying material. In the case of a compound, 
the process may also selectively remove certain 
components, resulting in an altered surface compo- 
sition over time. 

Sputter deposition is simply the process by which 
the sputtered atoms land on a nearby surface and 
form a layer or film. The film is typically the same 
composition as the surface being sputtered, if the 
sputtering is done in an inert atmosphere. In a 
reactive background gas, gas atoms may combine 
with the depositing film atoms on the substrate 
surface in the form of a compound. This latter 
case, known as reactive sputter deposition, is 
commonly used for the deposition of oxide or 
nitride films. 


magnetron. 


Sputter deposited films are used routinely in the 
microelectronics industry to form the metal and 
compound circuitry on integrated circuits. They are 
also commonly used to form coatings on other 
surfaces for the purposes of protection (hard coat- 
ings), decoration, corrosion resistance, conduction, 
the reflection of light, and many other applications. 
This chapter will examine some of these sputter 
deposition processes and applications in a variety 
of industries. 


2. Sputtering 


Sputtering is the result of the impact of a very 
fast particle with a solid surface. In effect, the inci- 
dent particle can dislodge atoms from the surface 
or near-surface region of the solid simply by 
momentum transfer from the fast, incident particle 
to the atoms near the surface of the solid. The type 
and kinetic energy of incident particle used helps 
determine the magnitude of the effect, as well as 


other related features such as the emission direc- 
tion or energy. Sputtering has been observed for 
bombardment by ions, atoms, electrons and even 
photons. For all practical purposes, ions are used, 
and the remainder of this chapter will deal almost 
exclusively with ion bombardment induced sputter- 
ing. 

A schematic of a sputtering event is shown in 
figure 1. Sputtering is usually characterized by the 
ratio of the number of the ejected particles per 
incident particle: the ratio is known as the sputter 
yield, Y. 


Y = (number of ejected atoms / each incident particle) 


Surface Bulk 


C) 
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Figure 1. A schematic of physical sputtering. This process 
would be characteristic of the knock-on energy regime, at ener- 
gies of 20 to 1000 eV. 


Depending on the kinetic energy of the incident 
ion, different physical effects will be seen in the 
solid. At the very lowest ion energies (below 15 eV 
or so), the incident ion has only enough energy to 
dislodge atoms near the surface. Surface binding 
energies are typically 4-8 eV, and there is simply not 
enough energy to overcome this bond except in very 
unique geometries. This energy region is known as 
threshold sputtering, and the typical sputter yields 
are almost immeasurably small (10~° or smaller). In 


most plasma devices, threshold sputtering is an 
insignificant effect. In the past several years, how- 
ever, several new high density plasma tools have 
been developed in which this very low energy sput- 
tering can be important. These devices include the 
electron cyclotron resonance (ECR) plasma, the 
radio-frequency inductive (RFI) plasma, the heli- 
con and the helical resonator plasmas. In each of 
these cases, the plasmas have a much higher 
density than the conventional rf-diode and mag- 
netron devices, and the ion currents can be very 
high. For example, in a small ECR tool, the net ion 
current at 1 kW can exceed 10 A. For a sputter 
yield of 10°, this means on the order of 10” atoms 
are sputtered per second. For a typical 2-3 liter 
source, this is an erosion rate of 10-20 A per hour, 
an almost immeasurably low rate. However, it is 
a sufficiently large amount to contaminate micro- 
electronic junctions. 

In the energy range of about 20 eV up to per- 
haps 700-800 eV, a more complicated, multi-atom 
process occurs. In this case, the incident particle 
collides with one or more near-surface atoms and 
transfers sufficient energy to dislodge the target 
atom from its binding site. The dislodged atoms 
then may have sufficient energy to dislodge addi- 
tional atoms. Eventually, this chain of dislodged 
atoms may reach the surface with the result that 
some of them may leave the surface. This energy 
regime is known as “knock-on” sputtering, and is 
the region most commonly used for thin film pro- 
cessing. Figure 1 shows a series of collision events 
that is characteristic of knock-on sputtering. Figure 
2 shows the sputter yield as a function of ion 
energy for several materials in the knock-on sput- 
tering regime. 

Theoretically, this process is difficult to handle. 
The yield depends critically on the exact point of 
impact, the local crystallinity as well the topogra- 
phy of the surface. The most successful models 
have used a technique known as molecular dynam- 
ics. This technique uses a very large computer to 
keep track of the status of several hundreds to 
thousands of atoms in the near surface region. The 
incident trajectory of the ion is plotted, the colli- 
sions are simulated, and the status of each atom is 
calculated every femtosecond or so. Eventually, 
atoms may or may not be emitted from the surface, 
and the region cools prior to the next ion impact. 
After a few hundred thousand bombardment 
events, an estimate of the average sputter yield can 
be made. This process is, in effect, a theoretical 
experiment. 
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“At higher ion energies, typically from about 
1000 eV to 50 keV, the kinetic energy of the inci- 
dent ion is sufficient to break all the bonds near 
the: point: of impact: in. the: form: of.a: collision: cas- 
cade? ‘This cascade is'on the order of tens of atoms 
in radius and may encompass hundreds of atoms. 
Atoms in the first or second layer of this cascade 
from the surface may have sufficient energy. to 
Overcome the local average binding energy and be 
emitted. ~The cascade freezes out very. rapidly 
‘(i0-**s) as. the, energy is catried away from the 
‘cascade in, the form of phonons. Collision-cascade 
sputtering has been successfully. modelled, first by 
Sigmund i in ‘the late. 1960s. [1]. 

“At. even’ higher energies (50. kev to “MeV) the 
‘Sputtering. process, ‘tends to be,.less.effective. At 
these. high. energies | ‘the ‘incident. j ion. travels many 
‘atomic layers below the surface before. depositing 
its kinetic energy through. collisions. “The result, 
however, is that most of the energy is deposited far 
from the surface of the target, and relatively little 
sputtering takes place. In this energy range, the 
incident ion is generally “implanted” and may 
signifi icantly alter the physical or electrical charac- 
teristics on the near surface region. This technique 
is commonly used to treat surfaces and is described 
much more fully in Chapter 8. 


For the purpose of many thin’film deposition 
technologies, the: knock-on sputtering region is the 
‘most energy. efficient region. It, is also technically 
more. convenient to sputter surfaces at energies in 
the, < 1000 eV range..This lessens the.complexity in 
the, power. supplies, feedthroughs and insulation, 
and reduces the. safety risk: of high yoltages. 

The physical sputtering. process. differs from 
opine tite in. that the emitted, sputtered atoms 
have. much higher kinetic, energy... than: evaporated 
satoms. Asan example, a sputtered Cu atom may 
have. an average of 8 eV_of kinetic.energy, whereas 
an evaporated atom has typically. less than 1 eV. 
This energy difference. will result in differences in 
the resultant film. properties, particularly density, 
microstructure, . and adhesion, 

In the presence of reactive. gas species, it is also 
possible to augment the-physical- sputtering rate by 
additional chemical, reactions. If the products of 
these reactions are volatile, the net, removal rate 
may. exceed the physical sputtering rate by a factor 
of ten or more. This. technique is known.as Reac- 
tive Ion Etching. (RIE). and. is commonly used to 
etch patterns. in deposited films for, integrated 
circuit. applications. 

»As.a last note about sputtering: because physical 
sputtering is_ effectively a. momentum and energy 
transfer process, the electrical state (charge) on the 
incident particle is mostly irrelevant. In reality, ions 
are typically neutralized as they approach a surface 
(within a few Angstroms) and strike the surface as 
neutrals. Therefore, the sputter yield of an ion and 
a neutral are indistinguishable. However, experi- 
ments used to measure the sputter yield have no 
reliable way.to.measure_an incident neutral flux. 
Therefore, the topic is virtually ignored, although 
under some circumstances it can lead to a signifi- 
cant underestimate of: the rate of sputtering or 


deposition. 


3. ‘Plasma Techiholosy 


The most convenient technique for creating the 
fast moving particles needed for sputtering is to 
accelerate ions by means of an applied electric 
field. The ions are typically generated in a plasma, 
and then accelerated either across a sheath to a 
surface near the plasma, or else through a set of 
grids or other ion optics in the form of an ion beam 
to a more remote sample. The former case is 
typically implemented in the form of a diode 
plasma, where the surface to be sputtered is the 
cathode in the circuit. 


3.1 Diode Plasmas 


The most basic form of a 2-electrode or diode 
plasma is shown in figure 3. The device consists of 
a cathode, an anode, a DC power supply, and an 
enclosure. The power supply sets up an electric 
field between the electrodes. A plasma may be 
formed under suitable conditions of applied 
voltage and gas density. Electrons are accelerated 
towards the anode, and can cause ionization by 
colliding with gas atoms. Ions, which are acceler- 
ated towards the cathode, cause the emission of 
secondary electrons from the cathode surface. 
These electrons are accelerated into the plasma, 
and cause subsequent ionization of background gas 
atoms. The number of secondaries emitted for 
each ion bombardment event is known as the sec- 
ondary electron yield, yi, and is typically a number 
on the order of 3-10%. To make up for the loss 
rate of the ions, each secondary electron must ion- 
ize a number of gas atoms equal to at least the 
inverse of the secondary electron yield. In many 
cases, depending on the geometry of the cathode 
and the operating conditions, this required ioniza- 
tion rate must be a factor of 2-3 times higher. A 
rough estimate of the minimum discharge voltage 
can be made by dividing the ionization energy for 
the background gas by the secondary electron yield, 
and then multiplying by a factor of about two. This 
last factor is due to the geometrical relation that at 
best, about 1/2 of the ions might strike the cathode. 
The interrelation between gas density, electrode 
spacing and applied voltage needed for the break- 
down of the gas and the formation of a plasma is 
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Figure 3. A diode plasma device. The enclosure is in reality a 
vacuum system with the ability to vary pressure in the mTorr or 
Torr pressure range. 


shown in figure 4, which is known as a Paschen 
curve. The exact details of this curve will differ 
depending on the gas used, the electrode material, 
the shape of the electrodes, etc. 
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Figure 4. A representative Paschen curve for the breakdown 
voltage of a gas as a function of the proudct of the chamber 
pressure (in Torr) and the electrode spacing, d, in cm. 


The plasma formed between these two elec- 
trodes has. several characteristics. First, it is a 
conductor with roughly equal numbers of ions and 
electrons. Second, only a tiny fraction (perhaps 
0.01%) of the gas atoms are ionized: the majority 
are neutral. Third, the electrons in the plasma are 
relatively hot, with a Maxwellian energy distribu- 
tion and an equivalent thermal temperature of 
10,000-50,000 K. The electron temperature is usu- 
ally described with energy units (eV), where 1 eV is 
about 11,000 K. 

The properties of the plasma lead to several 
other characteristics. Because the plasma is con- 
ductive, there is virtually no potential gradient 
within the plasma itself. All of the electric fields 
occur at the edge of the plasma in a region known 
as a Sheath. Due to the large proportion of neutral 
gas atoms to ions, the ions are in thermal equi- 
librium with the gas atoms (through collisions) and 
are only at a temperature on the 100-1000 °C range. 
Due to the much higher electron temperature and 


lower mass, the electrons move very rapidly around 
the plasma. This last effect results in the appear- 
ance of several different potentials within the 
system. 

The first of these potentials is known as the 
plasma potential. Due to the higher mobility of the 
electrons in the plasma, the plasma becomes 
slightly depleted of electrons. This results in a 
slightly positive potential for the plasma, typically 
a few volts more positive than the anode. This 
positive potential tends to retard the loss rate of 
electrons, such that it equals the ion loss rate. The 
plasma potential scales roughly with the electron 
temperature, but may also be related to the relative 
sizes of the electrodes. 

The second potential is known as the floating 
potential, and is the potential that an electrically 
floating object immersed in the plasma reaches. 
This potential is again related to the significantly 
higher electron mobility. The object receives a 
higher flux of electrons, compared to ions, and 
charges negatively. The resulting negative potential 
reduces the electron flux, such that it again equals 
the ion flux. The floating potential is always nega- 
tive of the plasma potential, typically by a factor of 
three times the electron temperature (in eV). 

The energy with which an ion strikes a surface is 
then the difference between the plasma potential 
and the potential of that surface. For most plasmas, 
all the ions have a charge of +1. The energy they 
reach, in eV, is then just equal to the voltage across 
which they are accelerated, in V. For objects float- 
ing electrically in the plasma, the energy is less than 
20 eV, and causes little sputtering. For a surface 
such as the cathode, the ion energy is equal to the 
difference between the plasma potential (a few 
more volts positive than the anode) and the cathode 
voltage. These energies can be several hundreds of 
eV and will cause significant sputtering of the 
cathode surface. 

In diode plasmas, generally the cathode surface is 
sputter etched, and all other surfaces receive a net 
deposition of the atoms sputtered from the cathode. 
Therefore, a sample to be coated with a thin film of 
sputtered atoms could be located on the anode 
surface, or else virtually anywhere within the 
chamber. Several practical issues, such as coating 
uniformity and rate, will be discussed later, and will 
help define appropriate experimental conditions. 

DC-diode plasmas are not used in any practical 
manufacturing devices due to relatively low etching 
and deposition rates. The reason for the low rates is 
a low plasma density because the cross section 
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for electron-impact ionization is fairly small. 
Therefore, to get a high plasma density, and hence 
a high ion bombardment rate, the gas pressure 
must be increased to pressures near 1 Torr. In ad- 
dition, the voltages needed for moderate currents 
are fairly high, several keV. The resultant sput- 
tered atoms are rapidly scattered by the relatively 
high pressure background gas, and the net deposi- 
tion rate on a sample surface is fairly low. 

An additional constraint on DC-diode sputtering 
is that the electrodes must be metallic conductors. 
If one of the electrodes is insulating, it charges 
rapidly, and additional current is suppressed. This 
effect can also occur if a reactive gas, such as 
oxygen or nitrogen, is introduced into the plasma, 
resulting in the oxidation of the metal surfaces on 
the electrodes. Therefore, DC diode sputtering is 
not an appropriate technology for depositing most 
compounds and dielectrics. 


3.2 RF Diodes 


Many of these problems can be overcome by 
powering the diode electrodes with an AC rather 
than DC voltage. At the most commonly used 
frequency of 13.6 MHz, there is little voltage drop 
across an insulating electrode or layer. The elec- 
trodes will not charge up, and therefore it is possi- 
ble to sputter dielectrics or reactively sputter 
metals. There is an additional degree of ionization 
with an rf-powered plasma due to additional 
energy transmitted to the plasma electrons at the 
oscillating sheath [2]. The net result is a higher 
plasma density, compared to DC-powered plasmas, 
and the ability to operate at lower system pressures 
(5-200 mTorr). 

RF-diode systems are typically configured as in 
figure 5. In this case, the cathode is powered 
through an impedance-matching device known 
as a matchbox or matching network. The function 
of the matchbox is to maximize the power flow 
from the rf generator, which has an output 
impedance of 50 Ohms, to the plasma, which has a 
complex impedance usually in the 1000 Ohm range. 
A series capacitor is included in the matchbox to 
allow the formation of a DC bias on the cathode. 
This occurs due to the higher electron mobility, 
and results in a negative DC potential on the pow- 
ered electrode of up to half the applied rf peak-to- 
peak voltage. The ions in the plasma which are 
accelerated to the cathode are too massive to re- 
spond to the 13.6 MHz fields, and respond only to 
the DC-bias. 


Figure 5. An rf-powered plasma system. The matching network 
(matchbox) is shown within the dotted rectangle. This device is 
shown with the anode grounded. It may be the case, however, 
that the anode is connected to the lower part of the power sup- 
ply for some applications. 


Matchboxes used to be configured with manually 
operated, adjustable air-gap capacitors. These have 
been replaced with motor-driven adjustable capaci- 
tors, which are feedback-controlled to minimize 
the reflected power to the supply. The inductor coil 
in the matchbox is less-easily adjusted. Some man- 
ufacturers provide clamps for the coil which either 
selectively short out a section, or simply make con- 
tact at the desired point on the coil. Very early 
matchboxes were configured with inductors with 
sliding contacts, allowing for continuous, real time 
control. These coils are limited to powers of a few 
hundred watts and are not compatible with indus- 
trial applications. 

Currently, coils are usually silver-plated Cu, and 
are water-cooled at powers greater than 1 kW. In 
the late 1980’s, commercial matchboxes were 
re-engineered to be physically smaller and more 
contained. There was no real functional change 
inside, but the smaller units are lighter and more 
compatible with cleanroom and integrated-process- 
ing technology (discussed below). 

RF-diode sputtering devices are used routinely 
in the microelectronics industry for the deposition 
of dielectric films, generally as insulating layers 
between conductive layers on an IC chip. Often the 
sample surface is biased slightly during the depo- 
sition to provide some level of ion bombardment, 
which results in changes to the density and 
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microstructure of the films, and some degree of 
resputtering which leads to increased planariza- 
tion. This technique is known as bias-sputtering. 
Magnetron devices can also be operated using rf 
power (next section). 

RF-sputter deposition is also routinely used for 
the deposition of hard coatings, such as alumina, on 
such surfaces as magnetic pick-up heads for disk 
drives. The deposition rate is fairly slow, though, 
and this technique tends to be used only for small- 
scale parts. 

RF-sputter deposition is complicated by the 
presence of the high voltage, rf signal within the 
chamber. Any lead or feedthrough into the cham- 
ber must be shielded carefully, or it will pick up 
potentially dangerous potentials. Many companies 
and locations have strict limitations on the amount 
of rf emissions that can be leaked from these 
systems. The health issues for this leakage are not 
explicit, but it is generally always better to contain 
the emission. 

Measurements in rf plasmas can be complicated 
by the rf noise. For deposition systems, quartz crys- 
tal microbalances (rate-monitors) are routinely 
used to measure the rate of film build-up. In an rf 
environment, it is necessary to shield the microbal- 
ance sensing unit from the highly energetic elec- 
trons which are moving in response to the rf 
potential. The most common fix is to impose a 
strong magnetic field on the microbalance to shield 
it from the electrons. Langmuir probe measure- 
ments of the plasma are also complicated, and a 
number of experimenters have begun to examine 
the problem [3,4]. 

The most recent work with rf-plasmas has been 
in the area of inductively coupled plasmas. The 
diode plasmas discussed so far are effectively capac- 
itively coupled. The sheaths between the electrodes 
and the plasma function like the gap in a large 
capacitor. The result of capacitive coupling is that a 
lot of voltage is dropped across the sheath. Most of 
this energy turns up as either the kinetic energy of 
the ions, or in kinetic energy for the secondary elec- 
trons coming back into the plasma. This is very 
adequate for sputtering applications. For reactive 
applications, though, too much energy is wasted at 
the sheath. 

Reactive applications are based on chemical 
reactions, which typically might require a few eV to 
20 eV for each reaction. For conventional sputter- 
ing, an ion might typically have 500 to 2000 eV of 
kinetic energy; more than enough for the reaction. 
The extra energy is used for sputtering and to heat 
the substrate and does not lead to faster reactive 


etching. Inductively coupled plasmas operate by 
attempting to drive macroscopic currents in the 
plasma. Typically, an inductor (a coil or a spiral) is 
placed adjacent to the plasma chamber. When 
driven at 13.6 MHz, an oscillating electric and mag- 
netic field is set up near the inductor. The elec- 
trons in the plasma are sensitive to this applied 
field and can move in response. These energetic 
electrons then cause additional ionization and a 
much denser plasma than the capacitively coupled 
plasma. The resultant plasma density is much 
higher than with the diode, with proportionately 
higher currents and lower ion energies. This does 
not lead to any increases in sputtering, but the 
higher flux results in higher rates of chemical reac- 
tions, and as a result, higher etching rates. Induc- 
tively coupled plasma are just becoming used for 
etching applications, and should also be appropri- 
ate for reactive deposition using plasma enhanced 
chemical vapor deposition (PECVD). 


3.3. Magnetically Enhanced Plasmas 


The second approach to solving the difficulties 
present with DC-diode sputtering is to use mag- 
netic fields to enhance the plasma. Electrons in a 
magnetic field are subject to a force, 


F = qvxB, 


where q is the electronic charge, wv the electron 
velocity, and B the magnetic field strength. A 
simple magnetic field perpendicular to the electron 
motion would cause the electron to move in a 
circular path with radius, r = mv/qB (where m is 
the electron mass), known as the Larmour radius. 
In the direction of the magnetic field, there is no 
net magnetic force, so the electrons are uncon- 
fined. The net result is that electrons tend to spiral 
along magnetic field lines in a helical path. By con- 
straining the electron to this motion, the effective 
path length of the electron is increased signifi- 
cantly, and hence the probability of an ionizing 
electron-atom collision is increased. 

This effect has been successfully applied to plas- 
mas for many years, with the result that the ioniza- 
tion rate is increased, the plasma density is 
increased, and as a result, the plasma impedance is 
reduced. For a given applied power, then, the 
effect of the magnetic field is to cause a low 
current, high voltage plasma to change into a high 
current, lower voltage plasma. The increased 
density also allows significant reductions in the 
background pressure, such that the magnetically 
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enhanced plasmas can operate at pressures as low 
as the 0.1 mTorr range. 

The most prevalent application of magnetic fields 
to sputter deposition is with a device known as a 
magnetron. In this device, a magnetic field is config- 
ured to be parallel to the surface of the cathode. 
There is a resulting electron drift, caused by the 
cross-product of the electric and magnetic fields 
(known as an E-cross-B drift) which tends to trap 
electrons close to the cathode surface. The drift 
motion is directional, and in a magnetron is config- 
ured to close on itself. A common example of this is 
shown in figure 6, for a circular geometry, and is 
called a circular planar magnetron. In this case, the 
magnetic field is configured to be radial, and is set 
up between a central magnetic pole and a perime- 
ter, or ring magnetic pole. 
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Figure 6. A perspective drawing of a circular planar magnetron, 
showing an expanded view of the pole piece configuration. The 
water cooling is not shown, but typically occupies the volume 
between the cathode and the back of the pole piece assembly. 


The closed-loop, E-cross-B drift configuration is 
not limited to a circular geometry, however. Per- 
haps the most common alternative is to use a 
rectangular configuration, known as a “racetrack” 
magnetron (fig. 7). This geometry has some intrinsic 
advantages for the automated handling of pas as 
will be discussed below. 

The intrinsic advantage of the magnetron modifi- 
cation to the DC-diode is that the secondary elec- 
trons are strongly constrained to a region near to 
the cathode surface. This causes a dense plasma to 
form near the cathode in the region of the drift- 
loop. The dense plasma results in very high levels of 
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Figure 7. A rectangular, or racetrack magnetron. 


ion bombardment of the cathode surface, and 
hence, high rates of sputtering. The high rate ion 
bombardment is localized on the cathode directly 
under the E xB path. The resultant sputter emis- 
sion of atoms is also localized, which means that 
deposition uniformity is usually not good. There- 
fore, for most deposition systems, it will be neces- 
sary to either move the sample, or alter the 
magnetron location to attain good deposition uni- 
formity. In addition, the erosion of the cathode is 
also localized, which results in poor utilization of 
the cathode material as deep grooves are eroded 
into the cathode surface in the vicinity of the E xB 
drift path. The wide groves are called the “etch 
track” and are very characteristic of magnetron 
sputtering. Typically, only 10-15% of the cathode 
material can be used before the grooves start to 
etch through the back of the cathode. 

Magnetrons can also be operated at 13.6 MHz. 
The plasma impedance is lower than with a con- 
ventional rf-diode, so the matchbox may need to be 
altered. The motor-driven adjustable air-gap 
capacitors in matchboxes are fairly expensive and 
relatively difficult to change. The easier solution is 
to change the inductor, usually by eliminating a 
turn or two either with a clamp device or by making 
a new coil from Cu tubing. 

RF magnetrons are less efficient than dc mag- 
netrons, generally by a factor of two [5]. The exact 
reasons for this remain an open issue. RF mag- 
netrons are typically used for sputtering dielectrics 
and for reactive sputtering (discussed below). Arc- 
ing becomes a significant issue when sputtering 
dielectrics. An arc, when formed in the etch track, 
moves rapidly around the track etching a deep 
groove into the material in a mostly uncontrolled 
manner. This effect is usually undesired, because 
the arcing process strongly dominates any physical 
sputtering (the voltage becomes very low in an arc) 
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and the arc tends to lead to the emission of partic- 
ulates. Power supplies are usually inadequate in 
controlling arcs, and arcs remain an operational 
problem in sputter deposition technology. How- 
ever, due to increases in the understanding and 
applications of arc-based deposition, this effect 
does have a positive side. Several manufacturers 
have configured combination magnetron-arc depo- 
sition systems which use the same cathode for both 
applications, and can be changed from magnetron 
to arc and vice-versa at will. This is attractive for 
the deposition of hard coatings, such as TiN, 
particularly for applications where the microstruc- 
ture of the deposited film is not critical. 


4. Deposition Systems 
4.1 Conventional Systems 


Magnetrons are used for the high rate deposition 
of metal, compound and dielectric films. The depo- 
sition rate for magnetron sputtering is only limited 
by the ability to cool the cathode. Physical sputter- 
ing is relatively inefficient from a power point-of- 
view. An Ar ion incident at 500eV onto a Cu 
cathode will sputter roughly two Cu atoms, each 
with an average energy of 8-10 eV. Most of the 
remaining energy is deposited in the cathode in the 
form of heat. The maximum power that can be 
deposited on a cathode is limited by the allowable 
surface temperature and the ability to remove heat 
from the backside of the cathode, typically by cool- 
ing water. If the output water temperature is below 
100 °C, then for a given maximum surface tempera- 
ture, the maximum discharge power, and hence the 
deposition rate, is limited by the water flow rate. A 
simple approximation leads to: 


Pmax = 2.5 f 


where Pmax is the maximum discharge power in 
kWatts, and f is the water flow (gal/min). This rela- 
tion is independent of the size of the cathode, be- 
cause it is simply limited by the boiling point of the 
cooling water. For practical purposes, this limits a 
15 cm diameter magnetron to about 5 kW, a 30 cm 
diameter magnetron to about 25 kW, and a 60 cm 
rectangular magnetron to about 40 kW. It is always 
possible, depending on the quality (or lack thereof) 
of the cooling design to alter these numbers by a 
factor of two. The deposition rate is also strongly 
related to the geometry of the system. The closest 
practical spacing between a sample and a cathode is 
about 5cm. The maximum practical deposition 
rate, then, for Cu deposition is on the order of 
2 pm/min. 


The emission from a magnetron is localized to 
the high plasma density, etch-track region. At 
cathode-to-sample, or “throw” distances on the 
order of the cathode radius, the distribution of the 
deposited atoms on the sample mimics the cathode 
erosion profile (fig. 8). At intermediate throw 
distances, the deposition profile is approximately 
uniform, and at large distances, the deposition is 
more consistent with a point source. The middle 
distribution is acceptable for some deposition 
systems, particularly if the sample is small. How- 
ever, the uniformity is inadequate for most other 
applications. 
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Figure 8. The deposition profile onto a sample plane opposite a 
circular planar magnetron as a function of distance from the 
cathode. In (a) the humps in the distribution correspond to the 
etch-track region on the magnetron. This structure is lost at 
farther throw distances (b, c). 


Utilization of the cathode is limited by the time 
it takes to sputter through the back of the cathode 
in the etch track region. While cathodes can be as 
thick as several centimeters, most systems operate 
with thicknesses on the order of 1 cm. At a current 
density of 200 mA/cm2, this leads to a practical 
lifetime of about 50 hrs for a 1 cm Cu cathode, and 
proportionately longer times for lower sputter yield 
materials. The fraction of the total cathode mate- 
rial used by the time it sputtered through the back 
is on the order of 15%. This is a rather low number 
for high purity, expensive cathodes, and also re- 
quires a system shutdown to change the cathode. 
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Some manufacturers have developed cathodes 
which are in the form of thick bars located in the 
etch tracks. This leads to better utilization and 
potentially longer runs. The topic of cathode 
utilization is still of major interest in the field of 
magnetron design. 

The sample, in many cases, must be moved to 
provide better uniformity. A common example is in 
the form shown in figure 9, where a substrate tray 
rotates under 3 magnetron cathodes arranged 
symmetrically around the same central axis as the 
rotation. This, by itself, does not lead to good uni- 
formity, because the center of the large sample tray 
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Figure 9. A typical experimental configuration for the depo- 
sidiGn from a circular magnetron onto multiple samples. The 
magnetrons are sputtering down onto a rotating substrate tray. 
One or more of the magnetrons can be operated at the same 
time. Not shown are the various shutters, deposition shields, and 
other fixtures, as well as the vacuum system. 


moves effectively slower than the outer perimeter. 
Deposition shields must be added to reduce the 
deposition and shape the resulting uniformity of the 
profile. This type of geometry is commercially avail- 
able in systems such as the Leybold 650, or the 
Perkin Elmer 4400'-series tools. An example of a 
deposition shield is shown in Figure 10. 

For some industrial applications, in particular 
those where large semiconductor wafers are the 
samples and particulate contamination is a critical 
concern, it may not be desirable to move the sam- 
ples during deposition. In this case, magnetrons 
have been developed which have a moving etch 
track. The track is in the form of a heart-shape, and 
this rotates around the centerline of the cathode 


1 Certain commercial equipment, instruments, or materials are 
identified in this paper to specify adequately the experimental 
procedure. Such identification does not imply recommendation 
or endorsement by the National Institute of Standards and Tech- 
nology, nor does it imply that the materials or equipment identi- 
fied are necessarily the best available for the purpose. 


Figure 10. A typical deposition shield for one of the mag- 
netrons in figure 9. The relative size of the magnetron is such 
that it is fully covered by this shield. 


(fig. 11). Over time, the eroded area is fairly 
uniform and a high degree of uniformity can be 
obtained when depositing films on large, stationary 
substrates. The moving etch track is set up by rotat- 
ing the magnet assembly in the cooling water 
behind the cathode face. An industrial cathode of 
this design might have a diameter of 25cm (to 
deposit on a 200mm, or 8 in, Si wafer) and be 
rated at a power of 25 kW. The second important 
advantage of these magnetrons is that the utiliza- 
tion of the cathode is very efficient: up to 80% of 
the cathode material can be used for sputtering, 
compared to 15% for a nonrotating magnetron. 
This results in much better efficiency and longer 
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Figure 11. A sketch of the heart-shaped, rotating magnetron 
cathode. The etch track is in the shape of a heart, rather than a 
circle or a rectangle. The track is rotated about the centerline 
of the cathode by moving the entire magnet assembly behind the 
cathode (typically in the water coolant bath). 


time periods between cathode changes. Because of 
this intrinsic efficiency, this type of magnetron is 
becoming more common and is being used in such 
varied applications as hard coatings and roll or 
web-coating. 

For the rectangular-shaped magnetrons, good 
deposition uniformity can be obtained by translat- 
ing samples across the short dimension of the etch 
track. In this way, assuming the sample is still 
shorter than the long dimension of the magnetron, 
the magnetron etch tracks appear as two line 
sources to the sample. Again, if the sample were 
fixed, the deposition would be localized under the 
etch tracks. However, with the simple linear 
motion, a high degree of uniformity is obtained. 
This geometry is characteristic of a number of 
sputtering systems, and is shown in figure 12. 
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Figure 12. A typical in-line sputter deposition system for rectangular magnetrons. The magnetrons are 


shown end-on (short dimension). 


Systems of this type are the workhorses of many 
commercial sputter deposition systems, with 
cathode dimensions up to 2 m in length at a power 
level of 100 kW or more. A system of this size 
might be 20 m in length. 

Magnetic materials sputter in the same way as 
nonmagnetic materials. However, in a magnetron, 
the presence of a plate of some ferromagnetic 
material as the cathode has a major impact on the 
magnetic field in the plasma. In effect, the cathode 
shorts-out the magnetic field, and the plasma 
region is almost field-free. The magnetron effect 
(closed E xB drift path) requires a magnetic field 
of at least 150 Gauss to operate. To attain this with 
a magnetic cathode has generally required brute 
force. For sputtering magnetic materials it is neces- 
sary to saturate the cathode magnetically, such that 
additional field is available in the plasma region 
above the cathode. This is done either by dramati- 
cally increasing the magnetic field strength of the 
magnetron or by making the cathode very thin. 
Normally, both of these are done. The result is a 
cathode that has an even more limited lifetime. 
There are other geometrical changes that have 
been made to change the cathode size and configu- 
ration. For example, using specially shaped pole 
pieces and cathode inserts. These, however, do not 
really solve the problem, and it remains a funda- 
mental problem in magnetron sputtering. The 
widespread application to sputtering of magnetic 
media has made this an important area in sputter- 
ing. Magnetic disks were formerly electro- 
deposited in large baths. Sputtered media have 
proved much superior, and are widely used. 


4.2 Multiple Magnetron Systems 


Magnetrons can be routinely operated in groups 
within the same chamber. The plasmas from each 
interact only slightly. Chambers configured with 2-4 
magnetrons of the same cathode material can be 
used to coat large or complex parts more uniformly 
than a single source. Systems are also configured 
with multiple sources with different cathodes for 
the purpose of producing multiple layers in-situ, 
perhaps for adhesion or diffusion-barrier applica- 
tions. Depending on the geometry, it may be neces- 
sary to shield the magnetrons in this latter case so 
that one does not contaminate the other by deposit- 
ing a film onto the cathode. 

Large commercial systems are usually configured 
with individual power supplies for each cathode, 
which are then combined into a system control unit. 
Smaller systems are usually run independently —no 
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multiple source power supplies are commercially 
available. This can be an issue for aspects of run- 
ning the system, such as safety interlocks, rack 
space, pressure trips, etc. 

One of the most challenging topics with mag- 
netron sputtering in the past decades has been the 
deposition of the high temperature superconduc- 
tors, the copper-oxide, 1-2-3 materials. These 
materials are difficult to deposit because of the 
complicated chemical and structural requirements 
of the films, as well as difficulties in target fabrica- 
tion for some of the components. A third major 
problem which has been recognized is the forma- 
tion of negative ions during sputtering [6]. Negative 
ions, typically of oxygen, are formed during the 
sputtering process and accelerated to the sample. 
This can result at low levels in a selective resputter- 
ing of the film, removing its elements at different 
rates, leading to poor control of composition. At 
high negative ion levels, the result is that the film 
can be entirely sputtered off during the deposition 
process. Several fixes have been developed. The 
most common uses multiple cathodes configured 
either facing each other, or with the sample off-axis 
from the cathodes. This reduces the negative ion 
effect, but results in a lower net deposition rate 
than expected for a magnetron deposition. 

An alternative to multiple magnetrons within a 
single system is to modify the cathode composition. 
Because of cathode heating limitations, most 
cathodes are machined as plates which are then 
either clamped or soldered to a water cooled back- 
ing plate. The production of the cathode plate can 
be very expensive, particularly for unusual compo- 
sitions. It may also not be possible, based on the 
instability of certain combinations of materials. A 
solution on a laboratory scale is to sputter upward 
(i.e., cathode horizontal, sample mounted over the 
cathode) from a target consisting of a powder or 
small chunks or wires of material. For short sput- 
tering runs, this allows the freedom to adjust film 
composition by adjusting the powder. For long 
runs, however, heating effects and changes in com- 
position will make this method more difficult. This 
method was routinely used in the early search for 
thin film, high temperature superconductors. 


4.3 Integrated Processing Systems 


Over the past 10 years, sputter deposition sys- 
tems have become grouped into two fundamental 
classes. The first is the dedicated, single-purpose 
tool, which typically runs a single process in a sin- 
gle chamber. These tools are often engineered for 


the production of large numbers of parts, either in 
a batch mode, or in an automated, load-locked pro- 
cess. This type of tool is the workhorse of most 
industrial applications of sputter deposition. 

A second class of tools has developed over the 
past several years which are more intrinsically flex- 
ible, known as integrated processing tools. These 
tools, which are used almost exclusively in the 
semiconductor industry, have multiple, indepen- 
dent process chambers which are serviced by a cen- 
tral sample handler (fig. 13). The central handler 
takes samples from the load-lock and delivers them 
to the appropriate process chamber. The process in 
each chamber may be different: one may be for 
sputter deposition, a second for Chemical Vapor 
Deposition (CVD), and so on. The central handler 
may be programmed such that samples are 


moved to multiple process chambers before 
being sent back to the load-lock for removal. 
There are several advantages to this type of sys- 
tem. First, samples can undergo multiple, varied 
steps without leaving the vacuum system, resulting 
in less contamination and handling. Second, the 
process can be changed at will, simply by changing 
the program. Third, process chambers can be 
removed without disrupting operation of the tool, 
either for maintenance or repair. Additional back- 
up modules can be kept in waiting for rapid repair. 
The total space for these tools is almost always less 
than stand-alone units, because of the sharing of 
the central handler and sample introduction 
region. This results in significantly less expense for 
multiple process steps. Finally, this sort of tool 
allows the development of new processes or steps 
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Figure 13. An integrated processing tool. The central handler has extendable arms to pick and place 


samples in the various chambers or in the load-lock. 


at the module level, without requiring the dedica- 
tion of the entire tool. This allows for more flexibil- 
ity in research. More recently, tools of this type 
have been developed with multiple levels of inte- 
gration. 

The programming of these tools can be fairly 
complicated. Each chamber may be operating con- 
currently with the other, and therefore must be 
configured with programmable flow and vacuum 
control, controls and sensors for the various pow- 
ered cathodes and cooling systems and detectors 
for aspects of the process such as film thickness or 
resistivity. Most current generation integrated pro- 
cess tools are not capable of full utilization of all 
chambers concurrently. This will become an impor- 
tant feature in the future because of the extra- 
ordinary cost of semiconductor manufacturing 
facilities. Current generation manufacturing facili- 
ties for 16 and 64 Mbit memory chips cost on the 
order of $500 Million, with the next generation 
estimated at $1 Billion, so any potential savings in 
process systems can indeed be significant. 


4.4 Pressure Effects 


The pressure of the background gas, as discussed 
above, is typically lowest for the magnetron deposi- 
tion systems. While most magnetrons operate well 
in the 5-30mTorr range, some well-designed 
cathodes can operate well down into the 0.1 mTorr 
range. This differs from RF-diode devices, operat- 
ing in the 10s-100s of mTorr, and DC-diodes in the 
hundreds of mTorr to Torr range. The desirability 
of low pressure operation stems from the effects of 
gas scattering on the sputtered atoms. Some mag- 
netrons have been configured with hollow cathode 
electron sources to allow low pressure operation 
[7]. In this case, the electrons from the hollow 
cathode make up for the inefficiency of the sec- 
ondary electrons at low pressure, and can sustain a 
higher plasma density. 

The mean free path for sputtered atoms scales 
inversely with pressure, and can be shown in figure 
14. While only a statistical estimate of the distance 
a sputtered particle moves between collisions, the 
mean free path is still valuable in estimating depo- 
sition efficiency. Experiments measuring deposi- 
tion probability have shown that for typical 
sputtering conditions (sputtering Cu with Ar at 
5 mTorr), there is only a 63% chance of a sput- 
tered atom landing on a substrate plane only 5 cm 
away [8]. This work shows clearly that heavy gas 
atoms, while often thought to lead to higher rates 
of sputtering due to a higher sputter yield, often 
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result in lower net deposition rates, particularly for 
light mass cathode species (e.g., Al, Ti). The effect 
of the heavy gas atoms is to simply scatter the sput- 
tered atoms. Once scattered, the sputtered atoms 
diffuse around the system in the gas phase, and no 
longer are directed towards the substrate plane 
(Table 1). 
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Figure 14. The approximate distance for sputtered atoms to 
reach thermal, or background, temperature as a function of 
chamber pressure. Two sets of lines are shown, for 5 and 
1000 eV atoms, showing that the cross section is slightly smaller 
at high energy. This plot is indicative of the mean free path for 
the sputtered atoms. 


The conclusion from this work is that it’s best to 
sputter with as light a mass gas atom as possible, 
preferably near the mass of the cathode species. 
The effect of gas scattering, unfortunately, can also 
lead to easily measurable composition changes in 
sputtered films when sputtering from alloy 
cathodes. In that case, the lighter atom species is 
preferentially scattered and the net deposition rate 
from the cathode is lessened. 

As mentioned earlier in Section 2 above, sput- 
tered atoms typically have 5-10 eV of kinetic en- 
ergy when they leave the cathode. This energy can 
be shared with gas atoms if there are any gas-phase 
collisions. In that case, the sputtered atom effec- 
tively cools, and its kinetic energy drops. After five 
or so collisions, the sputtered atom has effectively 
been stopped by the gas and is now at the same 
temperature as the gas. This concept is known as 
thermalization. A thermalized, sputtered atom 


Table 1. The probability of deposition of a sputtered atom from a magnetron cathode onto the sample plane, the plane of the 
magnetron (including the magnetron cathode), and side areas, as a function of cathode material, gas presure and cathode-to-sample, or 
throw distance. The experiment utilized a 20 cm diameter circular plane cathode [3]. 


Throw P (Pa) Sample plane 

Cu (200W) 

5 cm 4.0 0.53 

Cu (1000W) 

5 cm 0.7 0.63 
2.6 0.49 
4.0 0.53 

9.5 cm 0.7 0.48 
2.6 0.47 
4.0 0.45 

14.5 cm (Uy 0.39 
2.6 0.335 
4.0 0.31 

Cu (3000W) 

5 cm 4.0 0.48 

Al (1000W) 

5 cm 0.7 0.60 
2.6 0.46 
4.0 0.42 

9.5 cm 0.7 0.44 
2.6 0.45 
4.0 0.36 


arrives at the sample surface “cold” and therefore 
condenses only weakly onto the film. This will alter 
the microstructure of the deposited films as a func- 
tion of pressure. A pictorial drawing of film struc- 
tures, known as the “Thornton Zone Diagram”’ is 
shown in figure 15 [9]. This figure plots the struc- 
tures of deposited films as a function of substrate 


y 
= v 
————— : 
—> 5 
as 
‘ : 
tL = naahaiati tee. 
eS ae ey eseiee 
= = . 
oe re 
Ps — 
Cae oo 
._—<—= 
pass 


Magnetron plane Side areas 
0.23 0.13 
0.031 0.16 
0.11 0.20 
0.14 0.22 
0.031 0.24 
0.13 0.24 
0.18 0.18 
0.045 0.25 
0.16 0.30 
0.18 0.35 
0.09 0.24 
0.12 0.10 
0.26 0.12 
0.32 0.09 
0.13 0.10 
0.35 0.10 
0.40 0.17 


temperature (on one axis) and gas pressure on an- 
other. The highest pressure films (30 mTorr) look 
quite similar to evaporated films deposited at low 
pressure. Evaporation is a very low energy deposi- 
tion process and leads to columnar films, usually in 
tensile stress. These are usually not desirable film 
properties. 


Figure 15. The Thornton Zone Diagram, showing the structure of films deposited as a function of 
magnetron pressure (1 Pa = 7.5 mTorr) and also sample temperature (as a fraction of the melting 


point). 


As a corollary to the thermalization or cooling of 
the sputtered atoms, there can be a significant 
heating of the background gas atoms by the energy 
in the sputtered atoms. Since the sputtering pro- 
cess is taking place typically in an open vacuum 
container, this local heating can result in a local 
reduction in the gas particle density in the vicinity 
of the cathode. This effect was measured by local 
gas density probes in the plasma region, which 
showed significant reductions in gas density as the 
discharge power was increased (fig. 16). This effect 
scales directly with the sputtering process, as well 
as the thermal conductivity of the background gas. 
The gas density in the near cathode region can be 
given by [10]: 


N, = (6nTwK/(EYo)'”) 17? 
where K is the thermal conductivity of the gas, Y 
the sputter yield, E the average sputtered energy, n 


the original density, o the gas collision cross section 
and I the discharge current. 
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Figure 16. The local gas density near a magnetron cathode as a 
function of discharge current for the sputtering of Cu with Kr. 


The effect of gas density reduction, or “rarefac- 
tion” at high discharge powers can be linked to a 
variety of effects during sputtering. The general 
trend is that high discharge powers behave in a sim- 
ilar way to lowered chamber pressures. Therefore 
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the discharge impedance (hence voltage) is sus- 
ceptible to this effect, as is the ability to transport 
atoms to the sample. In addition, the composition 
of alloy films can also become power sensitive, and 
at high powers the composition can more closely 
approach the target composition than at low 
powers. 

One of the recent developments in low pressure 
sputtering has been the use of filters between the 
cathode and the sample region [11]. These filters 
take the form of collimators, or long tubes whose 
axis is perpendicular to the cathode and the sample 
planes. The collimators collect non-perpendicular 
depositing atoms, such that whatever is deposited 
at the sample has arrived within a few degrees of 
normal incidence. This allows sputtering to be used 
for filling deep structures, such as vias or trenches 
on semiconductors. It also is useful for lining deep 
features for the purpose of a diffusion boundary or 
selective adsorption site for another process. 


5. Reactive Sputtering 


If a metal cathode is sputtered in the presence of 
certain reactive gases, the gas atoms can react with 
the depositing film atoms at the sample surface to 
form a compound film. For example, if an Al 
cathode is sputtered in the presence of oxygen, the 
films will be partially oxidized; the degree of oxida- 
tion depending on the relative arrival rates of Al 
and O atoms at the sample. 

Reactive sputter deposition can be described by 
figure 17. A metal cathode is sputtered in an inert 
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Figure 17. A schematic of a reactive deposition chamber. The 
gases are introduced through leak valves or flow controllers. 
There may also be a baffle on the high-vacuum pump, which is 
not shown. 


gas background, resulting in the deposition of 
metal films on the sample and the chamber walls. 
As a reactive gas is added to this process, the gas 
atoms combine with depositing film atoms to form 
compound films or varying stoichiometry. At this 
point, even though additional gas is being added to 
the chamber, there is no rise in chamber pressure 
because all of the gas atoms are absorbed by the 
films. With increasing flow of the reactive gas, the 
films become more and more reacted, and eventu- 
ally at a sufficiently high reactive gas flow, the films 
reach their “final” reacted state. This is typically a 
stable, or “terminal” compound, such as Al2Os, 
where additional oxygen cannot be absorbed by the 
film. Once this point is reached, additional reactive 
gas atoms cannot be absorbed by the depositing 
film. Now, any additional flow of reactive gas 
results in the formation of a reacted, compound 
film on the cathode surface. This compound almost 
invariably has a lower sputter yield than the pure 
metal cathode, which results in a reduction of the 
rate of metal atoms sputtered from the cathode. 
Reducing the rate of metal deposition reduces the 
rate at which the film can absorb the reactive gas, 
further increasing the residual background of the 
reactive species. This, in turn, causes additional 
reaction at the cathode surface, which reduces the 
metal sputtering rate even further. In effect, the 
cathode undergoes a transition from a metallic to a 
compound state, and the deposition process slows 
dramatically, as shown in figure 18. The deposition 
rate is plotted in figure 18a, and the chamber pres- 
sure in figure 18b, as a function of increasing reac- 
tive gas flow. 

If the reactive gas flow is now lowered, the 
reverse transition does not occur at the same flow 
rate. This is due to the reduced metal emission rate 
from the compound surface. It is not simply due to 
the need to sputter through the reacted layer. A 
significantly lower reactive gas flow rate is needed 
to make up for the low level of metal emission. At 
a much lower flow, the cathode switches back to 
the metallic mode, and all of the reactive gas is 
again absorbed in the films. This shows up in figure 
18 in the form of a hysteresis loop. 

The behavior is different for the two main cases 
of sputter deposition in reactive atmospheres of 
either oxygen or nitrogen. With oxygen, most 
oxides are formed spontaneously and the reactions 
are exothermic, requiring no additional energy. 
The hysteresis curves in this case tend to have 
fairly sharp transitions. For the case of reactive 
sputter deposition with nitrogen, the nitride reac- 
tion often requires additional energy to form. In 
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Figure 18. Hysteresis curves of the deposition rate and the 
chamber pressure for the case of reactive sputtering. The depo- 
sition rate and chamber pressure are shown as a function of 
increasing flow of reactive gas. There is a working background 
of inert gas, typically Ar. 


addition, the sticking probability of the nitrogen, 
even under the best of circumstances, is consider- 
ably less than 1.0. The result is that the transitions — 
are less abrupt from the metallic to the compound 
state. 

Unfortunately, it is difficult to operate the sput- 
tering system at the critical flow rate at which the 
films are just reaching their terminal oxide state. 
The transition is almost irreversible and extremely 
rapid feedback methods need to be employed. The 
most common techniques are to try to control the 
power supply or else the flow of reactive gas. The 
sensor often used is a gas sensor of some sort—a 
mass spectrometer, a pressure gauge, or an optical 
gas analyzer. The placement of the sensor is critical 
due to local gas density reductions that may occur 
in the near cathode region [12]. The nitride transi- 
tion is less difficult to control, partially due to the 
broadness of the transition, the non-unity sticking 
coefficient, as well as the smaller differences 
between the metallic and compound sputtering 
rates. It is generally easier to operate near the 
critical flow transition with reactive nitride deposi- 
tion, because the surface reaction requires addition 


energy, which is often supplied from the plasma. 
This makes feedback control, based on the power 
supply, more straightforward. 

Control of the oxide transition has proven to be 
very difficult on an industrial scale. The metal-to- 
oxide transition is fairly rapid. Industrial systems 
also tend to have a high cathode area-to-sample 
area ratio. They are designed so that a large frac- 
tion of the deposited atoms are actually used in the 
form of films on the sample. Smaller, laboratory- 
scale systems tend to have much lower ratios—the 
magnetrons are smaller and the chambers are pro- 
portionately larger. This lessens the effect of the 
transition. Similarly, if one is able to attain very 
high pumping speeds in the deposition chamber, 
the transitions become less abrupt. This, again, is 
more practical on a laboratory scale than on an 
industrial scale. The control of the metal-to-oxide 
transition is one of the remaining significant prob- 
lems in sputter deposition technology. 

Titanium nitride (TiN) is one of the most com- 
monly deposited films using reactive sputtering. 
Good TIN is gold in color and has a high hardness, 
making it ideal not only for decorative coatings, but 
also for protective coatings on tool bits, cutting sur- 
faces, punches, etc. The formation of good TiN 
requires the addition of energy to the film during 
deposition. One means to do this is to use substrate 
heating, typically at 600-700 °C. This is undesirable 
for quite a number of applications: interdiffusion is 
enhanced at these high temperatures, and more 
importantly, hard steel becomes annealed and 
much rofter at high temperature. 

There are two other practical methods for attain- 
ing good TiN. The first is to operate at very low 
pressure. At pressures below 0.5 mTorr, there is 
very little gas scattering, and the depositing Ti 
atoms may have as much as 10-13 eV of kinetic 
energy. This energy may help in the formation of 
reasonably high quality TiN. Unfortunately, most 
common magnetron systems operate relatively 
poorly at these low pressures, which makes it diffi- 
cult for production environments. It is, however, 
well within the operating range of broad beam ion 
sources. 

The second method for enhancing the formation 
of TiN is to bias the sample to a negative voltage 
during deposition. The bias causes ions from the 
plasma to be accelerated to the sample, depositing 
additional energy in the near surface region. The 
required level of ion bombardment scales with the 
deposition rate. For high-rate depositions (up to a 
micrometer/minute or so), the required bias 
current density approaches 2 mA/cm’. 
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High levels of bias current are, unfortunately, 
difficult to achieve with conventional magnetron 
deposition systems. The plasma is confined close to 
the cathode, which is desirable for high rate sput- 
tering of the cathode, but results in an inability to 
draw ions to the sample region many centimeters 
away. A solution has been the development of 
magnetically unbalanced magnetrons by B. Win- 
dows [13]. In this device a conventional magnetron 
is intentionally configured with an array of mag- 
netic pole pieces or coils which add an additional 
vertical component to the magnetic field at the 
cathode. Three common configurations are shown 
in figure 19. The first two configurations (fig. 19 a, 
b) are based on additional permanent magnets in 
the pole-piece configuration behind the magnetron 
cathode. In the first case, the central pole piece has 
been made much stronger than the perimeter pole 
piece, resulting in an additional axial field. In the 
second case, the perimeter pole has been made 
stronger, resulting in an additional cylindrical com- 
ponent to the field. In the third case (fig. 19c), an 
electromagnet has been added external to the mag- 
netron to provide a simple axial field. 


(a) 


(b) 


Figure 19. Unbalanced magnetrons: (a) has a strong axial pole, 
(b) has a strong perimeter pole, and (c) has an additional elec- 
tromagnet around the magnetron to provide additional mag- 
netic field. 


The result of each of these unbalanced configu- 
rations is that the magnetic field lines are no longer 
constrained between the central and perimeter 
pole pieces of the magnetron. Additional field lines 
leave the region of the magnetron and intersect the 
sample region. Electron motion along these field 
lines is unconstrained by the E xB trapping effect 
near the cathode, and is actually enhanced due to 
the grad-B drift of electrons from high B field 
regions to lower strength regions. As a result, elec- 
trons can leak away from the near-cathode region. 
This sets up a very weak potential which tends to 
draw ions from the cathode region out to the near- 
sample region. It is these ions which can then be 
used to form the basis of a sample bias current 
necessary for the enhancement of the TiN reaction. 

The unbalanced magnetron approach has been 
used successfully on a manufacturing scale for the 
production of TiN and related compounds. To 
cover large numbers of parts, or else to cover large 
parts with unusual shapes, systems are often con- 
figured with multiple magnetrons within a single 
chamber [14]. A simple example of this is shown in 
figure 20, where two unbalanced magnetrons have 
been configured opposite each other, with the sam- 
ple placed between them. The magnetrons can be 
configured to be coupled or repelling, which results 
in a significant difference in the observed bias cur- 
rent densities at the sample (fig. 21). An additional 
example of this is in figure 22, where four large 
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Substrate 


Figure 20. Two configurations of coupled, unbalanced mag- 
netrons: (a) mirrored fields, and (b) closed field (adapted from 
ref. [8]). 
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Figure 21. The sample bias current density (at — 100 V bias) as 
a function of discharge power for the two unbalanced configura- 
tions of figure 20 (adapted from ref. [8]). 


(24 in long) unbalanced magnetrons are configured 
at 90 degree intervals around a large chamber [15]. 
In this commercial system, electromagnets are 
placed around conventional magnetrons to provide 
the additional unbalanced magnetic field necessary 
for high levels of sample bias. A system of this type 
would be used for coating fairly large parts (0.4 m) 
or else large numbers of smaller parts, such as drill 
bits or watch casings, for example. 

Unbalanced magnetron sputtering is a fairly 
recent development in deposition technology 
(developed in the late 1980s). As such, several 
problems remain in the implementation of the pro- 
cess. The leakage of the plasma from the cathode 
region to the sample is dependent on the operating 
pressure, the gas used, and even the power level of 
the discharge. The bombardment of the sample can 
be measured in the form of current to the sample 
and the voltage applied. Sample temperature is 
also an important parameter in depositing high 
quality films. The interplay between bias current, 
energy and sample temperature is not well known 
for all types of applications. The reduction in 
sample temperature, for example, can be extremely 
important for depositing on certain types of sub- 
strates, such as plastics or tool steels. In-situ pro- 
cess control of the deposition process remains an 
open area for development. Since nitride films are 
hard and inert the problem of removing substan- 
dard films from samples can be significant. 


Substrate 


Top View 


Electromagnet coils around each 
magnetron 


Figure 22. A four-magnetron sputter deposition system. Additional electromagnets have been added to 
each magnetron to unbalance the devices for additional ion bombardment to the sample. 


6. Summary 


Sputter deposition is a versatile process used for 
depositing coatings of metals, alloys, compounds 
and dielectrics on surfaces. Sputter deposited films 
have found broad applications in industrial hard 
and protective coatings. Primarily TiN, as well as 
other nitrides and carbides, these sputter deposited 
films have high hardness, low porosity, good chemi- 
cal inertness, good conductivity and also an attrac- 
tive appearance. Sputter deposited films are 
routinely used simply as decorative coatings on 
such surfaces as watchbands, eyeglasses and jew- 
elry. The films can have all of the attractive aspects 
of gold, silver or platinum, with usually greater 
resiliency, at a fraction of the cost of the expensive 
materials used in the past. 
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The deposition process for nitrides continues to 
provide challenges in terms of temperature reduc- 
tion, high rates, uniform coverage over unusual 
objects, process control and cost on an industrial 
scale. 

The electronics industry is totally reliant on 
sputtered coatings and films. Sputtered metal films 
make up a large fraction of the thin film wiring on 
chips as well as recording heads. Sputtered films 
are the material of choice for magnetic and mag- 
neto-optic recording media due to high density, 
ease of fabrication, resiliency and adhesion. Hard 
sputtered films are also used in this industry to 
function as wear-resistant surfaces, corrosion resis- 
tant layers, diffusion barriers and even adhesion 


layers. In this industry, the chip-level production 
has almost totally moved to single-wafer process- 
ing, in which a single sample is handled at a time. 
This puts enormous stress on the deposition pro- 
cess to be fast and reliable. In the packaging area 
of microelectronics, sputtering is used to 
deposit thick conducting films in a batch environ- 
ment with cathodes several meters in length. 

Other industries have become dependent on 
sputtering and new applications are developing 
rapidly. The sputter deposition of reflective films 
on large pieces of architectural glass has become 
commonplace. The downtown areas of many large 
cities have perhaps square miles of sputter de- 
posited films in use on the sides of buildings. This 
field is moving from simply reflective films towards 
hard and protective coatings. This opens up signifi- 
cant opportunity, as large-scale reactive sputtering 
is still not well understood. 

The automotive industry has used sputtering for 
at least 15 years for the coating of decorative 
films on plastic. Originally developed to allow the 
weight-saving advantages of plastic parts, as 
opposed to metal, sputtered films have potential 
opportunities in terms of hard coatings as well as 
optical coatings to reduce glare on windshields. 
The food packaging industry has also become 
dependent on sputtering for the coating of thin 
plastic films. The metal layer provides a clean, non- 
porous surface for packaging pretzels, potato chips 
and a variety or other foods. 

Sputter deposition is a rapid, fairly inexpensive 
process which produces dense films, often with 
near-bulk qualities. It is anticipated that sputtering 
and sputter deposition will grow as a field as new 
and innovative applications and techniques are 
developed. 


7. Future Markets and Industry Needs 


The future markets for sputtering technology will 
both further develop its use in present industrial 
markets (primarily semiconductor fabrication and 
glass coating) and extend its use to markets from 
which it has previously been largely excluded, such 
as the hard-coating of cutting tools. 

In semiconductor fabrication, the trend is toward 
integrated processing systems, in which several pro- 
cesses, including sputter deposition, are carried out 
in a single system with various appendage-like 
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chambers. These manufacturing tools are expected 
to be less capital intensive, to be more flexible, and 
to produce fewer defects than stand-alone or batch 
systems. The computer control and monitoring of 
such tools will also become an important growth 
area. 

Until recently, sputtering was seldom used 
commercially for the coating of metal-cutting and 
forming tools. With the advent of unbalanced 
magnetrons, there are now several manufacturers 
offering deposition systems for these applications, 
and systems are going into production use in vari- 
ous locations world-wide. 

Several areas which have been introduced in this 
section present a number of opportunities and 
problems in the sputter coating field: 


¢ Vacuum instruments are needed that operate 
better in RF fields. 

¢ New magnetron designs are needed to increase 
target utilization and to make targets simpler to 
fabricate. 

¢ There is a need for better arc-suppressing 
power supplies, and for power supplies able to 
run more than one magnetron at a time. 

¢ Better methods are needed to sputter deposit 
magnetic materials at high rates using mag- 
netrons, and to allow the sputtering of materials 
which cannot be easily formed into targets. 

¢ For sputtering materials such as the high tem- 
perature superconductors, there is a need to 
control the problem of negative ion bombard- 
ment of the sample. 

¢ Improved methods are needed for the reactive 
sputtering of oxides and other difficult materials 

* Methods that permit sputtering at very low pres- 
sures would be advantageous. 

¢ Integrated processing systems are in need of 
better hardware and software for optimum effi- 
ciency. 

¢ Better methods are needed for in-situ process 
control. 

¢ There is a great need for methods of removing 
deposited TiN and other hard, ceramic-like 
coatings from poorly coated or worn compo- 
nents, without damage to the components them- 
selves. 

¢ An understanding is needed of the interplay be- 
tween temperature, energy, bias and bias 
voltage, and the resulting effect on film proper- 
ties. 
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ION PLATING 


Donald M. Mattox 
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440 Live Oak Loop 
Albuquerque, NM 87122 
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Fax: (505) 298-7942 


“Ion plating” is a term applied to 
Physical Vapor Deposition (PVD) 
processes in which the substrate surface 
and the growing film are subjected to 
continuous or periodic bombardment by 
massive energetic particles. This 
bombardment causes changes in the film 
formation process and the properties of 
the deposited film such as adhesion, 
residual film stress, density, or chemical 
composition. The beneficial effects of 
ion plating arise from the input of 
momentum and energy directly into the 
first few monolayers of the growing 
surface. This leads to densification of 
the surface layer and enhancement of 
chemical reactions on the surface. 
Bombardment may be performed using 
ions accelerated from a plasma using an 


applied or self-bias on the film, ions 
from an “ion gun” in a vacuum, “film- 
ions” accelerated from an arc discharge 
in a vacuum or reflected high-energy 
neutrals in low-pressure sputter deposi- 
tion. Ion plating is particularly useful in 
applications where other deposition 
techniques do not provide adequate film 
properties such as adhesion, surface 
coverage, film density, residual film 
stress or composition, or where the bulk 
substrate temperature must be kept low. 


Key words: IBAD; Ion Beam Assisted 
Deposition (IBAD); Ion plating — 
plasma-based; Ion plating, Ion plating — 
vacuum-based; Physical Vapor Deposi- 
tion (PVD) processes, PVD. 


1. Introduction 


“Ion plating” is a term applied to Physical 
Vapor Deposition (PVD) processes in which the 
substrate surface and the growing film are sub- 
jected to continuous or periodic bombardment by 
massive (atomic not electron size) energetic parti- 
cles. This bombardment causes changes in the film 
formation process and the properties of the 
deposited film such as adhesion, stress, density, 
residual stress and chemical composition [1-4]. The 
beneficial effects of ion plating arise from the input 
of momentum and energy directly into the first few 
monolayers of the growing surface. This leads to 
densification of the surface layer and enhancement 
of chemical reactions on the surface. Bombard- 
ment may be performed using ions accelerated 
from a plasma using an applied bias or self-bias on 
the film, ions from an “ion gun” in a vacuum, 
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“film-ions” accelerated from an arc discharge in a 
vacuum or reflected high-energy neutrals in low- 
pressure sputter deposition. This broad definition 
does not specify the source of the depositing film 
atoms, the source of bombarding particles nor the 
environment in which the deposition takes place. 
The principal criterion is that energetic particle 
bombardment is used to modify the film properties. 

The two basic versions of the ion plating process 
are shown in figure 23. In plasma-based ion plating 
(fig. 23a), which is the most common form, the sub- 
strate is in proximity to a plasma and ions are 
accelerated from the plasma by a negative bias on 
the substrate. The accelerated ions and _ high- 
energy neutrals from charge exchange processes in 
the plasma arrive at the surface with a spectrum of 
energies. In addition, the surface is exposed to 
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chemically “activated” species, both desirable and 
contaminant from the plasma, and adsorption of 
gaseous species from the plasma environment. In 
vacuum-based ion plating (fig. 1b), the deposition 
and bombardment occur in a vacuum where the gas 
density is low and the contamination level can be 
easily controlled and monitored. In this case, the 
bombarding species are either ions from an “ion 
gun” or high-energy reflected neutrals from the 
sputtering target when low-pressure or ion beam 
sputter deposition is being performed. Many of the 
film growth effects of the two versions of ion 
plating are the same but there are also important 
differences, particularly with respect to surface 
coverage, where gas scattering is an important 
factor [5], and reactive deposition where plasma 
“activation,” generation of chemical species in the 
plasma, and gas adsorption on the surface are 
important [6,7]. 

Often in plasma-based ion plating the term ion 
plating is accompanied by modifying terms such as 
“sputter ion plating” [8], “reactive ion plating” 
[89,10], “chemical ion plating” [11], “alternating 
ion plating” [12,13], or “pulsed ion plating,” which 
indicate the source of the depositing material or 
other particular condition of the deposition. Chem- 
ical ion plating is similar to “Plasma Enhanced 
Chemical Vapor Deposition” (PECVD), and “bias 
PECVD” [14], where chemical vapor precursor 
gases are used as the source of the depositing 
material. In addition, other terms are applied to 
deposition processes where ion plating conditions 
exist. Examples are “bias sputtering” [15], “asym- 
metrical AC sputtering” [16], “pulsed implanta- 
tion” [17], Jon Vapor Deposition (IVD) [18,19] 
and Biased Activated Reactive Evaporation 
(BARE) [20]. 

Vacuum-based ion plating has been called “vac- 
uum ion plating” [21], “Jon Assisted Deposition” 
(IAD) [22,23], “Jon Beam Assisted Deposition” 
(IBAD) [24,25] and “Jon Beam Enhanced Deposi- 
tion” (IBED) [26]. In these cases, the periodic or 
concurrent bombardment is from a source of inert 
or reactive ions formed in an ion gun and acceler- 
ated to the surface with a specific and controllable 
energy distribution. When low pressure plasma- 
based sputtering or ion beam sputtering is used as 
the source of depositing material, the deposition is 
often accompanied by an undefined bombardment 
by high-energy reflected neutrals [27-30]. In this 
work, the term “IBAD” will be used to refer to 
vacuum-based ion plating and “ion plating” will be 
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used to refer to the plasma-based version of the 
process. 
Some advantages of ion plating include: 


° ability to have thermal vaporization, sputtering, 
arc vaporization, laser ablation or chemical 
vapor precursor gases as the source of deposit- 
ing material 

* ability to have in-situ cleaning (“ion scrubbing,” 
plasma etching or sputtering) of the substrate 
surface prior to film deposition 

° excellent surface covering ability (‘throwing 
power’) due to gas scattering and sputtering/ 
redeposition 

¢ ability to introduce heat and lattice defects into 
the first few atomic layers of the surface to en- 
hance nucleation, reaction and diffusion while 
the bulk of the substrate can be maintained at a 
low temperature 

¢ ability to obtain good adhesion in many other- 
wise difficult systems 

* enhancement of the reactive deposition process 
by “activation” of reactive gases, bombardment- 
enhanced chemical reaction [31,32], adsorption 
of reactive species [33,34], preferential sputter- 
ing of unreacted species, and use of ions of the 
reactive material 

* ability to use reactive gas bombardment to pre- 
treat the substrate surface (e.g., plasma nitrid- 
ing of steel surface [35] and oxidation of 
polymers [36]) 

¢ flexibility in tailoring film properties such as 
morphology, density and residual film stress by 
controlling the bombardment conditions [37] 

* equipment requirements and costs equivalent to 
those of sputter deposition. 


Many of the same advantages are found in IBAD 
as in ion plating, with the exception that covering 
ability is not as good because there is no gas scat- 
tering, decreased sputtering-redeposition and the 
more line-of-sight nature of the ion beam. These 
factors may require the use of more substrate 
fixturing in IBAD when processing large areas or 
complex surface configurations than when using 
ion plating. Major advantages for the IBAD 
process are that the contamination level in the 
deposition environment (vacuum) can be con- 
trolled more easily than when a plasma is used, 
gaseous contaminant species are not “activated,” 
and the bombardment conditions are more easily 
defined and controlled. 


Some possible disadvantages of ion plating in- 
clude: 


¢ There are many processing parameters that 
must be controlled. 

* To bombard insulating films the surface must 
attain a high “self-bias” or must be biased with 
an rf potential. 

¢ Contamination may be released from surfaces 
and be “‘activated” in the plasma. 

¢ Processing and “position equivalency” may be 
very dependent on substrate geometry and fix- 
turing, since obtaining uniform bombardment 
and the availability of reactive species over a 
complex surface can be difficult. 

* Bombarding gas species may be incorporated in 
the substrate surface and deposited film. 

¢ Substrate heating may be excessive [38,39]. 

¢ High compressive stresses may be developed in 
the bombarded film [37]. 


IBAD has many of the same disadvantages as 
plasma-based ion plating. In addition, the diameter 
of the ion beam is usually small which limits the 
area that can be bombarded. The IBAD process 
does not activate reactive gases and thus must rely 
solely on the use of reactive ions from the ion 
source and surface chemical processes to attain 
bombardment-enhanced reactive deposition effects 
[6,31,32]. In IBAD, where physical sputtering is the 
source of depositing atoms, bombardment by a flux 
of high-energy-reflected neutrals, the nature of 
which is generally unknown, is superimposed on 
the deliberate bombardment [27-30]. 


2. Bombardment Effects on Film Formation 


The properties of films formed by any PVD 
process depend on: 


¢ substrate surface condition— e.g., morphology 
(roughness, inclusions, particulate contamina- 
tion), outgassing, chemistry (substrate composi- 
tion, contaminant layers), surface flaws 

¢ details of the deposition process and system 
geometry—e.g., angle-of-incidence of the de- 
positing adatom flux, substrate temperature, 
nature of concurrent or periodic energetic parti- 
cle bombardment, deposition rate, gaseous 
contamination, outgassing from vaporization 
source, pinhole formation mechanisms 

¢ details of film growth on the substrate surface 
[40]—e.g., nucleation, interface formation, in- 
terfacial flaw generation, film growth, energy 
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input to growing film, surface mobility of the de- 
positing adatoms, growth of columnar morphol- 
ogy in the film due to geometrical factors, 
residual film stress, generation of lattice defects, 
gas entrapment, reaction with deposition ambi- 
ent (including reactive deposition processes) 

* postdeposition processes and reactions—e.g., 
heating, encapsulation, reaction or adsorption 
on columnar surfaces with the ambient, thermal 
or mechanical cycling, corrosion, interfacial 
degradation, burnishing of soft surfaces, shot 
peening. 


In order to have a reproducible film properties 
each of these factors must be controlled. 

Figure 24 shows the effect of energetic particle 
bombardment on a surface [41]. On collision with 
the surface the energetic particle loses energy and 
may be reflected as a high-energy neutral whose 
energy is dependent on the relative masses of the 
incident and surface atom [27-30]. The energy and 
momentum imparted to the surface atoms cause a 
“collision cascade” in the vicinity of the impact. If 
enough energy is imparted to a surface atom, it is 
physically ejected in a process known as “physical 
sputtering” or just “sputtering.” The number of 
surface atoms ejected from the surface per incident 
energetic particle is called the “sputtering yield.” 
The sputtering yield depends primarily on the 
energy and mass of the bombarding particle, the 
mass and bonding energy of the surface atom, and 
the angle-of-incidence of the bombarding particle. 
The sputtered atoms leave a point on the surface 
with a cosine distribution. Since sputtered surfaces 
are usually extensive, this gives rise to a multidirec- 
tional flux of atoms from the sputtering target. 

The deposition of atoms whose origin is the 
sputtering process is called “sputter deposition,” or 
often just “sputtering” as in “sputtered gold films.” 
In sputtering, the sputtered particle leaves the 
surface (“target”) with greater than thermal en- 
ergy. If the surface is in vacuum so that there are 
no gas phase collisions, the sputtered atoms arrive 
at the substrate with high kinetic energies [30]. If 
the gas density is such that there are gas phase 
collisions, the ejected particles are “thermalized” 
to the ambient gas energy. Figure 25 shows the dis- 
tance required for thermalization for various parti- 
cle masses, energies and gas pressures [42]. If there 
is a high particle density above the source either 
due to the gas pressure or to a high vaporization 
rate, the ejected particles can nucleate in the gas 
phase (“vapor phase nucleation’) [43,44] and/or 
may be scattered back (“backscattered”) to the 
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Figure 25. Distance for thermalization of a low mass (12 AMU) 
and a high mass (400 AMU) particle with low energy (5 eV) and 
high energy (1000 el) as a function of argon gas pressure 
(adapted from ref. 42). 


target surface [45,46]. Preferential sputtering of 
one component of the surface can change the 
surface composition of an alloy, or compound 
material [47], or the composition of a film under- 
going concurrent bombardment during deposition 
[48]. 

Most of the energy of the bombarding particles is 
lost as heat or in the displacement of atoms in the 
near-surface region. The displaced atoms leave 
lattice vacancies which may then trap bombarding 
species which have penetrated the near-surface 
region; this results in gas trapping [49]. This 
trapped gas can build up to a high concentration 
and create a high “chemical potential” between the 
near-surface region and the bulk of the material. 
This high chemical potential, along with heating, 
aids in diffusion of the gases into the bulk of the 
material if there is solid solubility. The displaced 
atoms are “stuffed” into the atomic lattice -and 
create a compressive stress in the near-surface 
region. This process is sometimes called “atomic 
peening” [50]. 

Atoms sputtered from a surface at an oblique 
angle to the flux of bombarding species may be 
“forward sputtered” and can be deposited outside 
the bombarded area. This forward sputtering 
process increases the surface coverage on rough 
surfaces. Surface atoms or molecules may be struck 
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by the bombarding species and be “recoil im- 
planted” into the surface. Molecules on the surface 
can be dissociated and become more reactive. This 
dissociation aids in “bombardment-enhanced chem- 
ical reactivity” [31,32]. Bombardment can cause 
contaminant or unreacted species on the surface to 
be desorbed [15]. 

In ion plating, the bombarded surface is continu- 
ally being buried by depositing material. Therefore 
the total residual film stress and incorporated 
bombarding gas increases with film thickness 
[51,52]. The increase of stress can result in residual 
compressive stresses great enough to cause sponta- 
neous fracture and loss of adhesion (‘“‘dead- 
hesion”) of the film from the surface [37]. The 
trapped gas may coalesce to produce voids in the 
deposited film. Gas incorporation can be mini- 
mized by using low-energy (e.g., less than 300 eV) 
bombarding species, an elevated substrate temper- 
ature (300-400 °C) during deposition, a low deposi- 
tion rate, and/or using higher atomic mass (e.g., Kr, 
Xe or Hg instead of Ar) bombarding species which 
also minimizes the “reflected energy per sputtered 
atom” carried by the reflected neutrals [30]. 

Bombardment allows the in situ cleaning of the 
surface prior to the beginning of the deposition by 
“ion scrubbing,” physical sputtering (“sputter 
cleaning”) or chemical etching [53]. This “clean- 
ing” portion of the film deposition process allows 
good interfacial reaction for adhesion and the 
generation of ohmic contacts to semiconductor 
materials [54]. In addition to cleaning, bombard- 
ment can roughen the surface morphology and 
change the surface composition by preferential 
sputtering. Bombardment may also make the 
surface more “active” by the generation of reactive 
sites and lattice defects. 

Nucleation of the depositing condensible atoms 
(“adatoms”) on a surface is modified by ion 
bombardment by: 


* cleaning the surface 

* changing the chemical composition of the 
surface 

* formation of defects and reactive sites 

* recoil implantation of surface species 

* introduction of heat into the near-surface 
region. 


Generally these effects increase the nucleation 
density of the adatoms on the surface [55]. In addi- 
tion, sputtering and redeposition of adatoms dur- 
ing ion plating allow film nucleation and growth in 
areas which would not otherwise be reached by the 
depositing adatoms. 


The interface formation stage of film growth 
allows. the formation of a desirable diffusion or 
compound type interface on the “clean” surface if 
the materials are mutually soluble. A “pseudodiffu- 
sion” type of interface can be formed due to the 
energetic particle bombardment during the initial 
deposition, if the materials are insoluble [40]. 
Interface formation is aided by defect formation 
and the deposition of energy (heat) directly into 
the surface without the necessity for bulk heating. 
In some cases the temperature of the bulk of the 
material may be kept very low while the surface 
region is heated by the bombardment. This allows 
the development of a very high temperature gradi- 
ent in the surface region which limits diffusion into 
the surface [56]. The ion bombardment, along with 
a high surface temperature, can cause all of the 
depositing material to diffuse into or react with the 
surface giving an alloy or compound coating. 

When atoms condense on a surface and have a 
low surface mobility, they develop a columnar 
morphology [57-59]. The development of the 
columnar morphology depends on the melting 
point of the depositing material, the substrate tem- 
perature, the angle-of-incidence of the adatom flux 
and the surface roughness. Bombardment during 
the growth of the film can modify a number of film 
properties by preventing the development of the 
columnar morphology, leading to the densification 
of the film [60-64]. Film properties that can be 
altered include: density, residual film stress, bulk 
morphology, surface morphology, surface area, grain 
size, crystallographic orientation, electrical resistiv- 
ity, porosity, mechanical properties, chemical etch 
rate, contaminant retention, and corrosion rate. 

Concurrent bombardment can improve surface 
coverage by increasing the surface mobility of the 
adatoms [65] and by sputtering and redeposition of 
the depositing material [66,67]. In the case of 
plasma-based ion plating, coverage is increased by 
gas scattering of the atoms before they reach the 
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substrate surface [68] and the “forward sputtering” 
and backscattering of the sputtered atoms as shown 
in figure 26 [69]. By adjusting the bombardment 
parameters, a rough surface may be made 
smoother (“‘planarized”) [70]. 

In reactive PVD processing, the depositing film 
species react with the gaseous ambient, an ad- 
sorbed species, or a co-depositing species to form a 
compound material such as TiC [71], TiN [72,73], 
BN [74], SisN4 [75,76] or TiO2. In reactive ion 
plating, bombardment enhances the chemical 
reaction (“bombardment-enhanced-chemical-reac- 
tions”) [31]. In plasma-based ion plating, the 
plasma “activates” the reactive species by dissocia- 
tion of molecular species and creates new species 
in the gas phase which may be more reactive (e.g., 
O; from O2) or more readily adsorbed on the sub- 
strate surface (e.g., O; compared to Oz) [6]. The 
bombardment desorbs unreacted species [15]. In 
general, it has been found necessary to have con- 
current bombardment in order to deposit hard and 
dense coatings of materials such as Si3N4 [75,76] 
and TiN [72,73] at low temperatures. Figure 27 
shows the relative effects of heating and concur- 
rent bombardment on the resistivity of TiN films 
[72]. By controlling the availability of the reactive 
gas, the film composition can be “graded” through 
the deposition. For example, titanium can be de- 
posited as an underlayer (adhesion layer) for TiN 
by controlling the nitrogen availability during depo- 
sition. This “grading” is often necessary for the 
best adhesion. 

In reactive IBAD, ions of the reactive gas can be 
used to bombard the growing film [77,78]. 
Energetic reactive gas ions have a high probability 
of reacting with the depositing film material. By 
controlling the amount of reactive species avail- 
able, a variety of compositions may be produced. 
For example, in the Cu-O system the compounds of 
CuO, CusO, or Cu.O can be formed by controlling 
the copper-atom/oxygen-ion ratio. 
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SENSITIVITY OF TITANIUM-NITRIDE FILM RESISTIVITY 
TO DEPOSITION TEMPERATURE AND BIAS. 


NORMALIZED RESISTIVITY 


Figure 27. Relative effects of substrate temperature and ion 
bombardment (bias) on the resistivity of reactively sputter 
deposited Ti-N films (adapted from ref. 72). The resistivity of 
the Ti-N film depends on both the density and the composition 
of the film. 


3. Sources of Vapor 


The deposition sources for ion plating include: 


* thermal evaporation and sublimation 
¢ physical sputtering 

* vacuum arc 

¢ plasma arc 

¢ chemical vapor precursor gases 


Evaporation and sublimation sources are usually 
heated by resistive or electron beam heating, 
although other techniques such as rf heating, 
exploding wires or laser ablation may be used in 
special cases. Resistive or unfocussed low energy 
electron beam heating is used when the evapora- 
tion source material (“evaporant”) vaporizes 
rapidly below about 1500-1800 °C. Figure 1a shows 
the use of a resistively heated thermal vaporization 
source. Figure 28 shows the use of a low-energy/ 
high-current electron beam to vaporize and ionize 
the gas and vapor species. For vaporization tem- 
peratures greater than about 1800°C, focussed 
electron beam heating of the evaporant surface is 
generally used. Figure 29 shows the use of a high- 
voltage bent-beam electron beam evaporator where 
the filament region is differentially pumped to 
avoid ion erosion of the electron emitter filament 
[79,80]. In some cases, multiple vaporization 
sources are used to allow sequential deposition of 
different materials, special flux configurations (e.g., 
line source) or the gradual gradation from one 
material to another during deposition. The vapor- 
ization rate for thermal evaporation sources is sup- 
pressed by the presence of a gas. 
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Figure 28. The use of an unfocussed low-energy high-current 
magnetically confined electron beam for evaporation and ion- 
ization. Ions of the plasma gas and the evaporant vapor are 
accelerated to the substrate by an applied bias. 


Energetic ions from a plasma or ion gun may be 
used for sputtering a surface to provide the 
adatoms for deposition in ion plating. In many 
cases, the same plasma used as a source of ions for 
film bombardment may be used for bombarding 
the sputtering target. In other cases, a separate 
plasma must be established for the sputtering 
source. For example, in conventional magnetron 
sputtering (fig. 30) the plasma is confined near the 
target and there is no plasma near the substrate. 
To overcome this problem, an auxiliary discharge 
may be formed near the substrate or an unbal- 
anced magnetron configuration (fig. 30) can be used 


Gis MAGNETIC FIELD COILS 


ELECTRICALLY 
ISOLATED 


ae SHEATH 


MAGNETIC FIELD COILS 


SUBSTRATE 
HOLDER 
(SELF-BIASED) 


: ACCELERATED 
hae ELECTRONS 


MAGNETIC 
FIELD 
COIL 


PLASMA 
SOURCE 


PLASMA 
POWER 
SUPPLY 


ear VACUUM PLASMAARGIC sien 


OR THERMOELECTRON 


Ar 


ION PLATING — SELF-BIAS CONFIGURATION 
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Figure 30. Ion plating using planar magnetron sputtering as the vaporization source. Conventional magnetron configuration with an 
auxiliary plasma source near the substrate, and an unbalanced planar magnetron sputtering configuration. 


to establish a plasma near the substrate [81,82]. In 
the unbalanced magnetron configuration the es- 
caping electrons can be used to impose a self-bias 
on the an electrically floating substrate. 

Electric arcs may be established in a vacuum or 
in a gaseous atmosphere [83,84]. The high-current/ 
low-energy electron flow between the electrodes 
gives a very high ionization probability for the 
vaporized material and gases in the space between 
the electrodes. Many of the ions are multiply 
charged. In a vacuum arc (fig. 31), the positive 
metal ions create a positive space charge between 
the electrodes and the positive ions are accelerated 
away from that region [85]. A substrate is then 
bombarded with energetic ions of the condensing 
film material (“film ions’’). 

When a gas is present in the arc discharge 
region, thermalization by gas collision prevents the 
film ions, which have been accelerated away from 
the space charge region, from reaching the sub- 
strate with high energies. In this case, an accelerat- 
ing substrate potential is necessary to attain 
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bombardment. When a gas is present, the arc elec- 
trode separation is made large and ions of the gas 
are formed as well as ions of the arcing surface as 
shown in figure 31. The most general arc deposi- 
tion configuration uses a cooled anode or the 
cooled chamber walls as the anode and the vapor- 
ization is from a solid cathodic. Often magnetic 
fields are used to cause the arc to move over the 
cathode surface. Arc sources can be operated in a 
reactive gas environment to allow the reactive 
deposition of compound films [86-88]. 

The arc vaporization of a solid surface ejects 
molten globules or “macros” of the surface mate- 
rial. These macros are generally undesirable and 
many techniques are being used to eliminate or 
minimize the deposition of the macros. Generally 
the number of macros decrease for the more 
refractory materials. Therefore arcing refractory 
materials or ones that form refractory materials 
with the ambient gas, produce the fewest macros 
than from lower melting point materials. For exam- 
ple, TiN from a titanium target will form fewer 
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Figure 31. Arc vaporization in a vacuum and in a gaseous environment. In the vacuum arc positive ions 
are accelerated away from a positive space charge region between the two electrodes. In the gaseous 
plasma, ions are accelerated to the substrate by an applied negative bias. 


macros than titanium in an inert gas [89]. In one 
technique, arc deposition is only used to form the 
initial film-substrate interface in order to attain 
good adhesion and unbalanced magnetron sputter- 
ing is then used for the balance of the deposition 
[90]. In ion plating, one of the major advantages of 
an arc vaporization source is the presence of the 
large number of “film ions” that may be used for 
bombardment without concern for gas incorpora- 
tion in the film. 

Gaseous chemical vapor precursor species 
containing the material to be deposited may be used 
as the source of the depositing material. Examples 
are: BCl,, B2He, CH,z, TiCl,, SiH,, WFE«g, Ni(CO),, 
and Al(CH3)3. The precursor gas can be injected 
- directly into the plasma as shown in figure 32 [11] or 
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through an ion gun configuration where it is frag- 
mented and ionized [91]. Using a chemical vapor 
precursor species in the plasma is similar to biased 
Plasma Enhanced Chemical Vapor Deposition 
(PECVD), where the plasma is used to aid in the 
decomposition of the chemical vapor species and 
ions are accelerated to the substrate surface [14]. 

Laser vaporization (ablation) is performed with 
pulsed high-intensity excimer lasers [92]. Laser 
vaporization with concurrent ion bombardment has 
been used to deposit high quality, high-tempera- 
ture superconducting films at relatively low sub- 
strate temperatures [93]. This technique has also 
been used to deposit hydrogen-free diamond-like 
carbon (DLC) films [94]. 
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4. Sources for Bombardment 


In many applications of plasma-based ion plat- 
ing, the gas density causes “thermalization” of en- 
ergetic particles trying to pass through the gas [42]. 
Therefore, the energetic bombarding ions are gen- 
erally accelerated toward the substrate due to a po- 
tential on the substrate or on a high-transparency 
grid surrounding the substrate fixture. This poten- 
tial can be produced by applying a bias from an 
external source or by bombarding an electrically 
insulating or electrically floating surface with high- 
energy electrons (“‘self-bias”’). In vacuum-based (or 
low-pressure) ion plating, the bombarding ions may 
be accelerated away from a surface or region (e.g., 
vacuum arc vaporization, or an ion gun) as well as 
being accelerated toward the substrate. 

Energetic massive particles for bombarding sur- 
faces and growing films may be in the form of inert 
or reactive gas species (ions or neutrals), charged 
fragments of chemical vapor precursor gases or 
charged species of condensing film material. The 
most common sources for energetic bombarding 
particles at gas (plasma) pressures above which 
there is thermalization of energetic particles 
between the vaporization source and the substrate 
are: 


¢ ions from a DC, rf, plasma arc, or laser-induced 
[95] plasma being accelerated to the surface 
under an applied bias or “self-bias” 


¢ high-energy neutrals originating from charge 
exchange processes in a gas [96]. 


Where the pressure is low enough so that there 
is little or no thermalization [97] between the 
source and substrate, additional sources of en- 
ergetic particles are: 


¢ reflected high energy neutrals which arise from 
energetic ions reflecting from a surface as neu- 
trals [27-30], e.g., low pressure magnetron sput- 
tering and ion beam sputtering 


¢ acceleration of ions from the vacuum arc vapor 
source due to a space charge [85] 


* acceleration of negative ions (e.g., O-) away 
from a negatively-biased sputtering surface [98] 


* energetic neutral sputtered species 


* ion guns where ions are extracted from a 
confined plasma using a grid system [99-101]. 


42 


Figure 33 shows some of the ion gun configura- 
tions that can be used in the IBAD processing. 

Plasmas may be enhanced or generated in local 
regions by the addition of electrons to that region; 
however, this often leads to an inhomogeneous 
plasma [5]. These augmenting electrons typically 
come from a thermionic emitting surface [102] or a 
hollow cathode [103-106]. Often, magnetic fields 
may be used to confine electrons by trapping the 
electrons in the field direction which also causes 
them to spiral and thus increase their path length 
and ability to cause ionization. Plasmas may also be 
enhanced or generated in local regions in the sys- 
tem by electric field effects. For example, an rf 
electrode arrangement can be used to generate a 
plasma in a local region as shown in figure 34. 

Irregular surfaces, points, edges and other geo- 
metrical effects cause distortion of the electric field 
in the vicinity of a surface and thus the plasma 
uniformity and the direction of accelerated ions 
(e.g., focussing effects). The plasma uniformity can 
often be improved by surrounding a complex 
surface with a grid electrically tied to the sub- 
strate—this provides a more uniform surface 
geometry. This “grid-surround” technique is used 
to coat loose items contained in a rotating “grid 
cage” or “barrel” as shown in figure 35 [107]. 

Substrates that are not electrically conductive 
require a self-bias, an rf-bias, or a grids placed in 
front of the non-conducting surfaces. The grid 
allow the surfaces to be bombarded by ions passing 
through the grid structure. The region between the 
grid and insulating surface is relatively field-free 
due to the presence of secondary electrons emitted 
from the bombarded surfaces. When using an rf- 
bias on an electrically insulating substrate, the sub- 
strate must completely cover the electrode. If a 
portion of the electrically conductive electrode is 
exposed, it provides a parallel electrical circuit 
which “shorts out” the capacitor formed by the 
electrode-substrate-plasma configuration. 

Any surface in contact with a plasma develops a 
negative potential with respect to the plasma due 
to the high mobility of the electrons compared to 
the ions. This “‘self-bias” can range from several 
volts for weakly ionized “cold” plasmas to many 
tens of volts when the electrons are accelerated to 
the surface. Figure 29 shows a technique of creat- 
ing a high self-bias by accelerating electrons away 
from an electron source, confining them along 
magnetic field lines, and causing them to impinge 
on an electrically floating substrate holder. 
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ION PLATING — rf PLASMA AUGMENTATION 


Figure 34. The use of rf plasma enhancement above a thermal 
vaporization source. 


5. Ion Plating Processing Parameters 
Ion plating conditions and film properties may be 
monitored as a function of 1) ion flux and energy vs. 
flux of depositing atoms (atom/ion ratio) [108-110], 
2) the bombardment energy per depositing atom 
(typically 15-20 ev/atom) or 3) the “resputtering 
rate” (e.g., 40% resputtering) [111]. Each of these 
measurement techniques can be misleading. For 
example, when using method 1 or 2, high energy 
bombarding ions can become incorporated in the 
growing film and produce voids and porosity in the 
film. Also, in plasma-based ion plating, the ion and 
high-energy neutral fluxes and energy distribution 
are often uncertain. In method number 3, the 
measured “resputtering rate” is sensitive to the gas 
pressure since there is a great deal of backscattering 
to the film surface at higher pressures. 

When using ion plating processes in production, 
the conditions necessary to obtain the desired film 
properties are usually determined empirically. 
Generally, ion plating is reproducibly performed by 
controlling and monitoring deposition parameters 
including: 
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* system geometry including the  angle-of- 
incidence of the depositing adatom flux and the 
number of substrates (i.e., the “load”) 

¢ substrate bombardment power (watts/cm?) 

¢ deposition rate 

* gas composition 

¢ gas flow rate 

* contaminants in the system 


6. Ion Plating Systems 


Ion plating essentially requires the same vac- 
uum/plasma system as does sputter deposition. As 
with sputter deposition, an ion plating system 
should first be a good vacuum system since the ef- 
fects of contaminants in the plasma are magnified 
by their activation. The enhanced surface coverage 
requires that the extra precautions need to be 
taken to shield high-voltage feedthroughs from the 
vapor flux. 

At high vaporization rates in a high gas density, 
vapor-phase nucleation of ultrafine particles occurs 
(“gas evaporation’) [112]. These ultrafine particles 
acquire a negative charge in the plasma and de- 
posit on non-negative surfaces in the vacuum sys- 
tem giving a “sooty” deposit. If the material being 
deposited is oxygen-active, the ultrafine particles 
are pyrophoric and will burn if disturbed in air. 

Fixturing of the substrate in ion plating is a ma- 
jor concern in that the fixturing should provide 
plasma uniformity over the substrate surface. The 
use of grids is desirable to provide a uniform field 
around fixtures. 


7. Some Applications of Ion Plating 
and IBAD 


The good adhesion obtained with ion plating 
allows the deposition of adherent coatings for 
demanding applications. Low shear metal lubricant 
and anti-seize films, such as silver, lead and indium 
that are deposited by ion plating, are used in x-ray 
tubes, for space applications by NASA, and on 
threads of piping used in chemical environments. 
M-Cr-Al-Y coatings, where M is Ni, Co, Fe or 
Ni+Co, are ion plated on aircraft engine turbine 
blades to provide high-temperature erosion/corro- 
sion protection. Aluminum, copper, Ti-Au, Ti-Pd- 
Cu-Au, Cr-Au, etc., are used to metallize 
semiconductors, ferrites, glass and ceramics. Silver 
is deposited on beryllium to allow low-temperature 
solid diffusion bonding of high-tolerance beryllium 
parts. Ion plating is used to deposit biologically 
inert coatings of carbon, chromium, titanium and 
tantalum on body implants. 
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Figure 35. Barrel ion plating configuration (see ref. 107). 


One interesting application of ion plating is to 
provide an adhesion layer for subsequent electro- 
plating to a high thickness [113]. This combination 
of deposition techniques has been used to deposit 
thick copper layers on molybdenum for diamond 
point turning. 

The good throwing power from gas scattering 
and sputtering/redeposition, along with film densi- 
fication from the ion bombardment, allows coating 
over complex surface geometries and complex 
shapes with a minimum of pinholes and porosity 
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and a minimum of fixture movement. In the semi- 
conductor industry, the covering ability is used to 
smooth (“planarize’’) surfaces which have etch fea- 
tures on them. 

Aluminum films are widely used for corrosion 
protection. For example, titanium aircraft fasteners 
are aluminum plated to prevent galvanic corrosion 
where they contact aluminum structures; and parts 
as large as small engine housings, aircraft landing 
gears and the inside of long pipes are plated with 
aluminum for corrosion protection. Uranium is 


coated with aluminum to provide corrosion protec- 
tion in nuclear reactor environments. Ultrahigh 
vacuum components are coated with gold and cop- 
per to reduce hydrogen desorption. The dense 
nature of the ion plated films allow the formation 
of good diffusion barrier films, such as TiN, on 
silicon under aluminum and tungsten metallization. 

Ion plating allows the deposition of stoichiomet- 
ric and dense films of compound materials at low- 
deposition temperatures and is used to deposit 
hard TiN, TiN/C, and TiC coatings on tool steel 
drill bits, gear teeth, high-tolerance injection 
molds, and aluminum vacuum sealing flanges. TiN 
or TiN overlayed with gold (gold color), ZrN (brass 
color), TiC (black) and Ti/AI-C/N (bluish-grey) are 
used as decorative coatings on metals and plastics 
[114]. In some cases corrosion-resistive coatings 
or diffusion-barrier coatings of nickel or nickel- 
palladium, deposited by electroplating, are used 
under the decorative coating. For example, elec- 
trodeposited Ni-Pd may be used on brass (Cu-Zn) 
to prevent zinc migration and to make the surface 
more smooth. Various compound films are used as 
optical coatings [115] and multilayer coatings are 
used as decorative coatings on stainless steel panels 
[114]. Multiple sequential deposition of a few 
monolayers of film material followed by reactive 
ion bombardment to form a compound with a cool- 
ing period between layers is used to deposit dense 
compound films on thermally sensitive substrates 
such as plastic ophthalmic devices [13,116]. 

At present, the principal applications of IBAD 
are to deposit dense optically transparent coatings 
for optical applications [26]. Often, this entails 
using bombarding ions of reactive gases, such as 
oxygen. In these applications, the densification of 
the film increases the index of refraction of the 
deposited material and gives a protective coating 
which is important when coating soft or environ- 
mentally sensitive optical components such as 
infrared optics. 


8. The Future 


As electroplating becomes more difficult to use 
because of pollution problems, PVD processes are 
being considered as replacement deposition pro- 
cesses. Ion plating, with its good surface coverage 
and good adhesion is a prime contender to coat 
complex surfaces. In addition, the use of TiN to 
replace gold, and ZrN to replace brass, provides 
improved durability over electroplated gold and 
brass coatings. The use of aluminum coatings to 
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replace zinc and cadmium for corrosion protection 
is a growth area, and is being used to coat such 
diverse parts as small engine blocks, aircraft land- 
ing gear components, titanium fasteners, etc. [117]. 
The use of PVD processes to coat bulk materials 
such as strip steel, pipes and plastic webs will in- 
crease, and the use of coated bulk material will 
eliminate the need for coating fabricated parts in 
some instances. 

The biggest deterrents to using ion plating are 
the high capital cost of high-volume production 
equipment, and the apparent complexity of the 
process. As more companies become involved in 
high-volume production, utilizing the process in 
order to retain market share, these deterrents will 
fade. At present, the use of ion plating is most 
applicable where high value-added processing is 
acceptable, such as in coating expensive injection 
molds, as compared to coating inexpensive drills. 
As the processing is refined and becomes more 
commonplace, ion plating will be used to coat less- 
expensive articles, particularly as high-volume 
equipment is developed, and the unit cost for coat- 
ing is reduced. 

The equipment needed for plasma-based ion 
plating is well in hand, and the main problems are 
associated with fixture design for specific applica- 
tions. In general, the use of thermal vaporization is 
more cost-competitive than is sputtering as a vapor 
source for ion plating. The use of arc vaporization, 
with its high ionization, to form the initial bonding 
layer, is a very attractive process [90]. The equip- 
ment for IBAD processing could be greatly 
improved by the development of low-cost, high- 
current, large-area reactive ion beam sources. 


9. Summary 


Ion plating is particularly useful in applications 
where other deposition techniques do not provide 
optimal film properties, such as adhesion, surface 
coverage, film density, hardness or composition. 
The major processing problems are to obtain 
uniform bombardment over insulating surfaces, 
and over complex conductive surfaces, although 
these problems can generally be alleviated by using 
self-biasing techniques and grid structures. As elec- 
troplating becomes more environmentally unac- 
ceptable, it is expected that ion plating, which is 
classed as a “dry plating” process, will replace it in 
many applications where excellent adhesion and 
good surface coverage are required. 
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1. Introduction 

Cathodic arc evaporation is a physical vapor de- 
position technology (PVD). Among the industrial 
PVD technologies it is the newest and most flexible 
in providing well-adhered thin film coatings on a 
wide array of materials. In 1979, Multi-Arc ac- 
quired the free world rights to the Sablev patent 
and access to the Snaper patent. Both of these 
patents are core patents to the arc PVD process. 
Multi-Arc’s contribution has been to commercial- 
ize these patents into an effective PVD process. In 
1992, Multi-Arc and other companies using arc 
evaporation machines provided coatings on tools 
and parts with an estimated coating value of $100 
Million annually. 

To understand the potential of cathodic arc tech- 
nology, it is helpful to review the features of this 
process and compare these features to electron 
beam evaporation (e-beam) and magnetron sput- 
tering technologies—bdoth PVD processes. Table 1 
and figures 36-38 provide this comparison. The 
two major features of conventional arc technology 
are its ability to generate highly charged metal ions 
in the range of 1.7 eV with 80% metal ionization 


Cathodic arc evaporation is a rela- 
tively new commercial coating process 
for industrial coating applications. This 
paper compares this process and points 
out some of the advantages compared to 
other physical vapor deposition tech- 
niques. It also discusses the interrela- 
tionship between coating properties and 
application requirements. Included are 
discussions on major markets where 
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cathodic arc evaporation has found wide 
success as well as discussions on emerg- 
ing opportunities for new coatings and 
applications of existing coatings. The pa- 
per closes with a brief description of a 
major new advance in cathodic arc tech- 
nology. 


Key words: arc; arc coating; cathodic 
arc; PVD; vapor deposition. 


(Ti), and to do so from a solid quickly to a vapor 
state without secondary plasma enhancement 
devices. This latter feature allows for very practical 
commercial chamber designs and simplified fixtur- 
ing of substrates to be coated. 

The above two basic features of cathodic arc 
technology produce extremely well-adhered coat- 
ings with intermixing of metal ions with the sub- 
strate [1,2]. An almost infinite number of metals 
and alloys can be evaporated with this technology. 
Due to the high ionic energy generated in combina- 
tion with negative biasing of substrates, low tem- 
perature deposition is possible and _ practical. 
Cathodic arc deposition, therefore, expands the 
range of materials that can take advantage of thin 
film coatings. Cathodic arc produces coatings that 
are adherent and that can be deposited at various 
thicknesses to meet a particular application re- 
quirement. 

Table 2 and figure 39 provide information that 
lists and compares the suitability of various PVD 
techniques for producing a variety of simple and 
complex coatings. 


Table 1. Comparison of PVD process parameters 


Criteria and 
Coating 
Parameters 


State of source 
material 


Type of source 
materials 


Direction of 
material flux 


Composition of 
material flux 


Working gas 
pressure 
(mbar) 


Reaction gas 
pressure 
(mbar) 


Source voltage 


(V) 


Source current 


(A) 


Mean particle 
energy (eV) 


Degree of 
ionization 
(%) 


Substrate 
voltage (V) 


Substrate 
current density 
(mA cm~?) 


Type of Source 


Anodic 
Low Voltage 


Electron Beam 
Source 


Liquid 


Metals 


Upward 


Atoms, ions 


§x1073 (N2) 


70-100 


140 


<50 


10-50 


100 


<§ 


Cathodic 

Magnetron Arc Source 
Source 

Solid Solid 


Metals, alloys 


Metals, alloys 


compounds (compounds) 

(insulators) 

Universal Universal 

Atoms, ions Ions, atoms 
clusters 
(droplets) 

(7-50) x 10-3 - 

(Ar) 

(2-10) x 10-4 (5-500) x 10-4 

(Nz) (N2) 

300-800 10-40 

<10 40-400 

10-40 50-150 

<20 50-80 

100-2000 50-1000 

2-6 S15) 


2. Using Cathodic Arc Deposition 


It is important for the user of this technology, 
whether it be for a purchase of a cathodic arc coat- 
ing system or for using a coating service, to under- 
stand how the process of preparing a part or tool 
for coating is as important as the parameters se- 
lected to coat it. Whereas chemical vapor deposi- 
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tion accomplishes its final cleaning step at 1000 °C 
with hydrogen as the final reducing agent, cathodic 
arc (in common with other PVD processes) relies 
more on understanding how a part or tool is actu- 
ally manufactured, so that adjustments can be 
made to the cleaning and conditioning process 
prior to coating. Since cathodic arc produces very 
high ionization rates and higher energy levels of 


SUBSTRATES 


aE 
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Figure 36. Schematic of components in a thermionically-en- 
hanced triode ion plating system. 


Figure 37. Schematic of components in a magnetron sputtering 
system. 


COATING MATERIAL 


SUBSTRATE EVAPORATED MATERIAL 


POWER 


Figure 38. Schematic of components in a vacuum arc system. 


Structure Characteristic 


Surface Interaction - Oxidation resistance 


- Hardness 
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Figure 39. Important properties of the coating/substrate system 
for wear resistance applications. 


Table 2. Suitability of various PVD coating techniques for the evaporation of advanced 


films 


Type of Coating Type of Structure 


Multicomponent 
MG1G2 Multilayer 

Graded-layer 

Multicomponent 
M1M2G Multilayer 

Graded-layer 
Mi: Metal 


Gi: Metalloid 
* Possible with single source 
*+ Need multiple sources 


the metallic atoms (as opposed to mostly ionic gas 
atoms in electron beam and sputtering), a wide 
range of substrates can be successfully coated at 
temperatures of 350 °F to 1000°F. To utilize this 


ay) 


Ion Plating Sources 


Anodic Cathodic Cathodic 
E-Beam Arc Sputtering 
e + e e 
e+ e+ e “h 
e+ e e + 


coating at low coating temperatures, a good under- 
standing of the manufacturing process of the part 
or tool to be coated is needed. 


Almost all commercial cathodic arc deposition 
systems utilize multiple arc sources. Understanding 
the critical areas to be coated as well as the geome- 
try of the parts are important in determining 
cathode placement and utilization in a chamber 
and/or the fixturing to be used. Fixtures can be as 
simple as a rotary table in vertical or horizontal 
orientation, or more complex double and/or triple 
planetary rotation devices. Since Multi-Arc’s multi- 
ple cathodic arc sources can be individually con- 
trolled (manual or automatic), plasma density 
profiles can also be maintained that ensure consis- 
tent part-to-part uniformity within a load, as well 
as load-to-load uniformity. 

The cathodic arc process differs substantially 
from electron beam and magnetron sputtering 
through its ability to produce high ratios of ionized 
metal species compared to neutrals. This high ratio 
not only affects film growth and its deposition rate 
but also serves two other useful purposes. 

Firstly, ion bombardment of the substrate can be 
accomplished with metallic ions, which in combina- 
tion with high substrate negative voltages (ap- 
proaching —1000 to —1500 V) bombards the 
parts/tools with sufficient energy to sub-atomically 
clean them prior to the coating cycle. This techni- 
cal advantage promotes superior adhesion. 

Secondly, as reported by Munz, et al., STEM 
analysis demonstrates that in the instance of tita- 
nium ion bombardment, Ti ions penetrate the steel 
substrate and a very thin (100 to 200 A) intermixed 
layer of an intermetallic compound of Ti-Fe is 
formed. Such intermixing promotes excellent adhe- 
sion and critical shear stress levels [1,2]. 

By understanding how a part/tool is manufac- 
tured and what property a coating is intended to 
provide —whether it is wear, low friction, or corro- 
sion protection—the cathodic arc system can be 
tuned to deposit the coating thickness and unifor- 
mity required to optimize the part/tool function. 
Successful coating applications have coating thick- 
nesses ranging from 0.5 ym to as high as 15 wm of 
titanium nitride (TiN). Different properties of vari- 
Ous coatings influence practical coating thick- 
nesses. For example, titanium carbonitride (TiCN) 
coatings tend to be very thin (1 to 2 ym), whereas 
titanium aluminum nitride (TiAIN) can be rela- 
tively thick (5 to 12 wm). Among the binary coat- 
ings, chromium nitride (CrN) can be deposited 
successfully to over 20 pm. In the case of CrN de- 
posited via cathodic arc, this is due to lower 
stresses in the coating compared to TIN. 

In the early 1980’s, cathodic arc was criticized for 
the inclusion of macro droplets in its thin films. 
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Although arc coatings have more macros than 
other types of PVD coatings, they have not had any 
significant performance debit in the fields of metal 
cutting, metal forming, plastic molding and medical 
products. In some sliding wear applications, macros 
have been shown to be beneficial by providing wear 
debris (TiO2) which improves lubricity; thus, im- 
proving wear resistance [3]. Since the early 1980's, 
continued research work and improvement in an- 
cillary production support systems has led to a bet- 
ter understanding of the mechanics controlling the 
evaporation process. This has resulted in reduction 
of the quantity and size of macro droplets in ca- 
thodic arc coatings. This in turn has led to the ex- 
pansion of viable applications for cathodic arc 
technology. Cathodic arc can now compete in deco- 
rative applications with good cosmetics and in wear 
components where sliding wear and/or corrosion 
resistance properties in coatings are required. 

Multi-Arc uses, depending upon the coating 
applications, one or a combination of various sub- 
strate conditioning techniques. Metallic ion bom- 
bardment, poison cathode bombardment, glow 
discharge and radiant heating are all used to maxi- 
mize adhesion and reduce droplets. The latter 
three techniques improve visual coating appear- 
ance and control droplet formation when neces- 
sary. 

At the 1991 International Conference on Metal- 
lurgical Coatings, Multi-Arc introduced the en- 
hanced arc, which promises to expand cathodic arc 
technology into such fields as optics, the develop- 
ment of diamond-like coatings (DLC) and diamond 
coatings [4,5]. Enhanced arc technology promises 
high adhesion levels, dense coatings, little or no 
droplets in the film and high production coating 
rates. 


3. Equipment Design 


Typical equipment costs can range from a pur- 
chase of a conventional cathodic arc source, includ- 
ing power supply and electronic controls, for 
$15,000 to a three meter system, complete with 
cleaning line, for over $1,700,000. Prices have been 
quoted for an in-line, load lock system of 
$2,500,000 not including the cleaning system. The 
ability to place individual arc sources almost any- 
where in a chamber means that the building of 
unique turnkey systems is practical. 

The vast majority of cathodic arc systems built 
for service or in-house customer use are units that 
have outside chamber dimensions of 33 in x 33 in x 


44 in high. A typical coating zone is 20 in in diame- 
ter by 26 in high. Figure 40 shows a typical foot- 
print. Chambers have been built for R&D purposes 
as well as special applications. Multi-Arc has built 
2 and 3.5 meter machines to coat printing rolls and 
broaches. 

These chambers are in most cases front door 
loading with full access to. the interior chamber. 
Many of the other features are standard options. 
For example, operating controls can be manual 
and/or computer controlled. Fixturing is dictated 
by the type of work and uniformity requirements. 
Likewise, pre-conditioning options are available 
depending on the application and performance re- 
quirements. 

One of the important areas in arc technology, 
particularly in how it relates to equipment design, 
has been the design of the cathode apparatus (arc 
source) itself. Multi-Arc has continued to evaluate 
cathode designs for a number of years. There are 
several designs in use worldwide —circular, rectan- 
gular, random and steered arc sources. 


VACUUM 
CHAMBER 


CONTROL CONSOLE / BIAS 


The majority of systems use circular arc sources 
that range in size from 2.25 in to 3 in in diameter. 
Also, most systems use the “random” arc. The de- 
scriptive word, “random”’ is actually a misnomer. 
All “random” systems use permanent magnets that 
are placed behind the circular cathodes to “con- 
trol” the arc. The proper placement of these mag- 
nets sets up magnetic force fields which keep the 
arc on the source (or cathode) face and also assure 
even erosion of the source material. The use of 
small arc sources in combination with properly 
sized and placed permanent magnets assures even 
erosion. 

The development of the “steered” arc is an at- 
tempt to control macro particle size and narrow the 
bell curve distribution of macros compared to “ran- 
dom” arc sources. This is accomplished by attach- 
ing movable electromagnets behind the cathode 
face. The electromagnet field steers the arc around 
the face forcing the arc spot to move from one lo- 
cation to the next. 


171’ 


1 ener on a TT 


Figure 40. Footprint of a Multi-Arc 334 System, not including cleaning line. 
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The “steered” arc has produced smoother coat- 
ings compared to “random” arc but from a com- 
mercial point of view has not proven an attractive 
alternative for several reasons. To retrofit a com- 
mercial coating machine with separate electromag- 
netic motors is quite expensive, and it is 
cumbersome to maintain. The improvement of per- 
formance of these coatings is not significantly mea- 
surable in such markets as cutting and forming 
tools. Finally, most macros are produced in the 
conditioning or heat-up phase with the random arc. 
A number of practical methods exist to reduce 
droplets using alternative heat-up methods with 
the random arc which are more commercially prac- 
tical, less expensive and easier to operate and 
maintain. 

Over the last 10 years a number of machines 
have incorporated large rectangular cathode de- 
signs. Large cathode designs have had problems. 
The most common has been lack of even cathode 
erosion, leading to short cathode life and greater 
non-uniformity of coating distribution. This has oc- 
curred due to the inability of the arc to move 
evenly over the larger surface area of the cathode. 
Source to substrate variations inherent when fixtur- 
ing commercial size cycles of cutting tools also 
cause the arc to preferentially operate on the 
cathode surface. This leads to poor erosion profiles 
and inefficient material utilization. With large 
cathodes the macro problem is more difficult to 
control but can be reduced through alternative 
means of substrate heating and conditioning. 

Please refer to the discussion of the enhanced 
arc as a future improvement in cathode design, de- 
position and the elimination or near elimination of 
macros depending on the material to be evapo- 
rated. 

Cathodic arc equipment has been well accepted 
worldwide. There are over 50 coating service cen- 
ters around the world. Turnkey systems have been 
sold to over 50 in-house users worldwide. 

Specific applications where cathodic arc PVD 
has found wide acceptance are: 


¢ Original equipment high speed steel cutting 
tool manufacturers 

¢ Original equipment carbide cutting tool manu- 
facturers 

¢ Fabricators of cutting tools 

¢ End users of cutting tools, first time coats and 
recoats 

¢ Press tooling, such as progressive dies, cut off/ 
blank/trim/flange steels and draw dies 
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¢ Aluminum can tooling, body end and seam 
tooling 

¢ Plastic injection molds, cores, pins, extrusion 
SCrews 

¢ Medical instruments, orthopedic instruments 
and implants 

¢ Anilox and gravure rolls 

¢ Decorative applications including rings, sports 
equipment, pens and hardware 

¢ Wear components for the oil and gas industry, 
and the automotive and aerospace industries 

¢ Semiconductor molds. 


4. Cathodic Arc Coatings and 
Applications 


Cathodic arc technology is capable of producing 
a very wide variety of coatings. Presently binary 
coatings such as TiN, ZrN, and CrN are commonly 
available. Ternary coatings such as TiAIN, TiCN, 
and TiZrN are being used today in increasingly so- 
phisticated applications. These ternary coatings are 
extremely flexible. By understanding how the ca- 
thodic arc process can affect the coating composi- 
tion on the substrate, these coatings can be 
optimized for a specific use. It is important to re- 
view microstructure and mechanical characteristics 
of cathodic arc coatings when selecting a coating 
for a specific use. 

In general, cathodic arc coatings have small 
grain, dense structures, and although they possess 
high residual compressive stresses they are less 
stressed than electron beam PVD coatings. Arc 
coatings have more macrodroplets affecting stress, 
but due to the high energy of the arc technique 
they have finer grain structures. Arc coating crys- 
tallography shows a preferential {111} orientation. 
Again, the film-substrate interface is improved 
through the energetic ion bombardment, causing in 
some Cases a mixing at the interface, depending on 
the metals being evaporated and deposited. 

The above characteristics help define the coating 
and influence various cathodic arc coatings by af- 
fecting residual stress, which influences hardness, 
adhesion and hot hardness. It is valuable to under- 
stand these factors when determining the suitabil- 
ity of cathodic arc for various applications. See 
figures 41-44 for hardness, critical load, coefficient 
of friction and hot oxidation values for arc de- 
posited coatings. 


Hardness kg/mm2 


CN (TLADN TC.N) (TLZ)N DLC | 


Figure 41. Microhardness of PVD arc coatings at room tem- 
perature. 
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Figure 42. Critical load comparison of PVD arc coatings de- 
posited on HSS substrate. 


Friction coefficlent 


Figure 43. Friction coefficient of PVD arc coatings (100C6 ball 
against uncoated HSS disc). 
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Figure 44. Hot oxidation comparison of PVD TIC, TIN, 
(Ti,AI)N, and CrN coatings. 
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4.1 Cutting Tools 


In the mid-1980’s the cutting tool market (or 
more specifically the high speed steel cutting tool 
market) provided the base volume to permit this 
technology to be developed for other applications. 
As this market has become more knowledgeable 
about thin film coatings, cathodic arc technology 
has become more widely used. PVD arc coatings 
are now being routinely used on round shank car- 
bide tools and inserts. PVD arc coatings are replac- 
ing CVD coatings used on cut-off, threading and 
grooving carbide inserts. See Table 3 for a com- 
parison of coatings vs. material to be machined. 


Table 3. Coatings selection as a function of machined material 
for round shank cutting tools and indexable insert applications 
TiN 


Ti(CN) (Ti, AI)N 


Alloyed steel eds 
Stainless steel 
Nickel based alloy 
Titanium and titanium alloy 
Cast material 
Non ferrous materials 

(Al, Brass, Copper) 


*** 


eke 


* ke xk 


Asterisk-good application, Shaded-poor. 


The cathodic arc’s high ionization rates, which 
produce superior adhesion and highly compressive 
coatings with remarkably good ductility, allow coat- 
ings to be deposited with greater thicknesses com- 
pared to other PVD techniques. The flexibility of 
this technique allows for multi-layer designs and 
the deposition of coatings with high oxidation resis- 
tance and hot hardness. These characteristics will 
continue to allow for the development of PVD 
coatings that can compete with CVD. 

Cathodic arc TiAIN is now being used to cut 
hard-to-machine materials such as aerospace alloys 
and cast iron. The physics of the cathodic arc 
makes evaporation of alloyed cathodes very practi- 
cal. The evaporation, transportation, and deposi- 
tion of metallic ions from alloyed cathodes, and a 
coating’s final composition (such as TiAIN) can be 
closely controlled via the cathodic arc. Table 4 
shows examples of application successes. 

The recoating of expensive resharpenable cut- 
ting tools has become a widely used process within 
the metal removal industry. Maximum tool life with 
its productivity gains through recoating is now com- 
monplace. Cathodic arc’s high energies allow 
(along with specialized know how) successive coat- 
ings to be deposited on older coatings without 


Table 4. Cutting tool application successes 


Coating: TiN 
Tool Material cut Uncoated Coated 
Broach Waspalloy 63 pcs. 126 pcs. 
Dovetail C-1117/C-1144 800 pes. 2,400 pes. 
Keyway cutter 8620 1,000 pcs. 2,000 pcs. 
Slitting saw Copper 1,200 pcs. 12,000 pcs. 
Cut off blades Cold rolled steel 5,000 pcs. 40,000 pcs. 
Milling cutters 8620 70 pes. 160 pcs. 
Gun drills Chrome moly 70 pes. 323 pes. 
Circular saw 1018 blade 3/Shift 1 blade every 5 
shifts 
Coating: TiAIN 
Tool Material cut Uncoated Coated 
HSS Co end mills Titanium 6A1-4V 4 hrs. 8 hrs. 
Cobalt drills Titanium 6A1-4V 1.5 holes 5 holes 
HSS end mills Inconel TiCN 6.5”* 8.0% 
Taper length drills 17-4 PH TiN 10 pes. 25 pcs. 
Carbide milling Cast iron 800 pcs. 3,400 pcs. 
Inserts 
Carbide dovetails $2100 TiN 1,100 pcs. 2,400 pes. 
Carbide end mills Titanium 6A1-4V 500 pes. 4,400 pcs. 
Carbide end mills Waspalloy TiN-15”* 30”* 


* Material removed 


creating distinct layers. The high mobility of the 
ions and their high kinetic energy produce a con- 
tinuous layer of original and new coating. Original 
tool performance is restored. Table 5 illustrates a 
recoated tool/part’s return on investment. 


4.2 Press Tooling 


Cathodic arc coatings have produced outstand- 
ing economic returns to their users in metal fabri- 
cation. This technology is unique in its ability to 
deposit adherent coatings at temperatures as low 
as 350 °F, and has expanded the use of coatings to 
virtually all commonly used tool and die steels. 
Most tool and die steels are tempered between 
350 °F to 600 °F, compared to cutting tools where 
the substrates are either carbide or high speed 
steels with 1000 °F tempering ranges. To maintain 
hardness and support for the coating, the coating 
process must have enough energy to impart good 
mechanical bonding without affecting the hardness 
of the alloyed steel. Table 6 provides typical exam- 
ples of application successes in press tooling. 

New developments of coatings via cathodic arc 
are expanding the use of coatings in medium hot 
forging. The hot hardness of TiAIN is providing life 
extension in hot heading applications. Here the hot 
hardness and the elevated oxidation resistance of 


the coating is reducing abrasive wear and retarding 
the oxygen reaction with the coating. In the last 
example in Table 6, the poor thermal conductivity 
of this coating protects the ion nitride layer which 
is supporting the TiAIN film. The excellent ductil- 
ity of the cathodic arc TiAIN coating enables this 
coating to be applied when necessary in thicknesses 
in excess of 10 ym for heavy impact applications. 
Figure 45 compares wear of uncoated, TiN coated, 
and TiAIN coated tools in punching silicon steel 
sheet. 

CrN coatings in thicknesses of 15 to 30 ym are 
practical using the cathodic arc technique. This ca- 
pability, in addition to its favorable resistance to 
hot air oxidation, has opened new application op- 
portunities. These areas include: 


* Hot forging 

¢ Draw dies 

* Replacing electroplated chrome in some slid- 
ing wear applications 

* Replacing electroplated chrome in some corro- 
sion applications. 


CrN arc deposited films exhibit relatively low in- 
ternal stresses, have excellent coefficient of friction 
characteristics, and have good corrosion resistance. 
The micro-porosity existing in all PVD coatings 


Table 5. Return on investment using recoating 


Tool Machine 
Tool material RPM 
Dimension Feed 
Tool mfgr $439.00 * Cycle time (minutes) 1.450 
* Tool cost (coated) $35.00 * Tool setup time (minutes) 10.00 
* Cost to recoat 0.2550 * Operator cost/hr. $35.00 
* Max grind stock $9.90 * Pieces/grind 378 
* Cost to regrind * Pieces/grind (recoat) 1134 
Part name * Total shrpngs 15 
Part number * Total shrpngs (recoat) 15 
Workpiece material * Wear/shrpng 0.0170 
Workpiece hardness * Wear/shrpng (recoat) 0.0170 
* Pieces/year 4720000 Coolant 
* This information is required. 
Uncoated Coated 
Tool savings Pieces/grind 378.0000 1134.0000 
Average wear 0.0170 0.0170 
Available changes 15.0000 15.0000 
Actual changes 15.0000 15.0000 
Pieces/tool 6048.0000 18144.0000 
Recoat cost N/A 525.0000 
New tool cost 439.0000 439.0000 
Tool cost/PC 0.0726 0.0531 
Savings/PC 0.0195 
Annual savings $91,830 
Grinding savings Tools per year 780.4233 260.1411 
Grinds per year 12486.7725 4162.2575 
Cost per grind 9.9000 9.9000 
Grind/cost piece 0.0262 0.0087 
Savings/PC 0.0175 
Annual savings $82,413 
0.4167 
Direct labor savings Operator cost/min 0.4167 
Annual set up time 124867.7249 41622.5750 
Annual cycle time KEK KEK KK KK BKKKEKKK KH 
D/L per piece 0.0412 0.0339 
Savings/PC 0.0073 
Annual savings $34,685 
sLotalcost/piecee © isco seckee = $0.1400 $0.0957 
Annual totals Increased production 1.22% 57,410 pcs 
Tool cost savings $91,830 
Grinding cost savings $82,413 
Direct labor savings $34,685 
Annual tool savings $228,404 
Total annual savings $437,332 


makes thick CrN coatings attractive for applica- 
tions where sliding wear and corrosion are both 
failure mechanisms. 


4.3 Medical Applications 


Cathodic arc has also expanded the use of coat- 
ings within the medical industry. Table 7 lists the 


types of tools being coated with arc deposited TiN. 
The Food and Drug Administration (FDA) ap- 
proves TiN by individual application, and not the 
coating per se. 

Many surgical tools utilize a 400 series stainless 
steel which has some corrosion resistance, but is 
used in preference to 300 series stainless steel be- 
cause it provides a sharper cutting edge due to its 


af 


Table 6. Press tool application success 


Coating: TiN 
Tool 


Profile punch 


Cold forming punch 


Punch 

Draw ring 
Extrusion punch 
Flange die 
Blank die 
Seaming roll 
Beading roll 
Deep draw 
Score knife 
Pre-curl 
Hot heading 


Material 


Copper 

1018 

17-4 stainless 
1018 

1018 

Cold rolled steel 
Hot rolled steel 
Tin plated steel 


TFS with lacquer 


Aluminum 
Aluminum 
Aluminum 
1040 


* H13 ion nitrided with TiN. 
** H13 ion nitrided with TiAIN. 


Flank wear ( um) 
500 Tool material: ASP23 
Duty Cycles: 1 milton 
Work plece: SI-Fe sheet (.5 um thick) 


Punch dimension: 3.5mm x 3.5mm 


Figure 45. Flank wear of coated punches for stamping applica- 
tions in Si-Fe sheet. Influence of the coating as a function of the 
wear location. 


Table 7. Types of tools coated via Arc TiN in the medical indus- 
try 


Surgical Instruments Orthopedic implants 


Aspirator tips * Hips 

Broaches Acetabular cups 
Curettes Femoral heads 
Drills Stems 

Drill guides ¢ Knees 

Driver heads Femoral component 
Forceps Patella plates 
Knives/scalpels Tibial platforms 
Osteotomes ¢ Trauma 
Planers Plates 

Rasps Rods 

Reamers Screws 
Rongeurs 

Scissors 
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Uncoated Coated 
330,000 pcs. 1,400,000 pcs. 
30,000 pcs. 300,000 pcs. 
20,000 pcs. 250,000 pcs. 
350 pcs. 180,000 pcs. 
1,000 pcs. 15,000 pcs. 
50,000 pcs. 480,000 pcs. 
55,000 pcs. 300,000 pcs. 
10,000,000 pcs. 45,000,000 pcs. 
Polish 4 x /shift 1 x/3 shifts 
10,000 pcs. 130,000 pcs. 
2-15 days 4-30 days 

3 months 12 months 
50,000 pcs.* 150,000 pcs. ** 


higher hardness. The high ionic energy of the ca- 
thodic arc allows for the low temperature coating 
of 400 series steel without affecting the hardness of 
the substrate. The low temperature of the arc pro- 
cess also maintains the anti-corrosive properties of 
the 400 series stainless. The cathodic arc process 
also coats well on passivated stainless steels. 

Table 8 provides a case history of how cathodic 
arc TiN coating improves cutting conditions in 
bone-simulated material (note temperature reduc- 
tion). 

Various medical research studies illustrate how 
the microstructure and mechanical properties of 
cathodic arc TiN make it a suitable choice for an 
implant coating. See Table 9 for referenced stud- 
ies. 


4.4 Decorative 


Color matching, along with good adhesion, and 
wear and corrosion resistance, is a prerequisite for 
significant portions of this market. Cathodic arc’s 
capability of evaporating alloyed material, along 
with gas mixing, and coupled with low temperature 
deposition makes arc technology an attractive coat- 
ing technique in this market. The preferred 
method for depositing attractive “life time” thin 
films on class and champion series rings has been 
cathodic arc. Improvements in techniques to re- 
duce droplet emission has resulted in higher reflec- 
tance coatings which, with high ionic energy, has 
enabled low temperature substrates to be success- 
fully coated. 


Table 8. Medical reamer performance 


Reamer Cutting Performance 


Reamer size (mm) TiN coated Uncoated 
12 mm 13 sec. 20 sec. 
13 mm 11 sec. 25 sec. 
14 mm 9 sec. 22 sec. 
15 mm 10 sec. 21 sec. 
16 mm 10 sec. 20 sec. 


Note: Seconds (avg. to ream 1.4” deep hole. 1 mm depth of cut. 


Tip Temperature — 14 mm Reamers 


Hole # TiN coated Uncoated 
1 114.9 °F 168.8 °F 
2 131.1 °F 184.4 °F 
3 146.6 °F 190.9 °F 
4 153.6 °F 189.5 °F 
5 154.2 °F 194.9 °F 


Note: 5 holes reamed consecutively. 
Conclusions: 


1. Titanium Nitride (TiN) coatings improve the ease of cutting 
and cutting speed of intramedullary reamers. 


2. Material removal rates are up to 127% higher with TiN. 


3. TiN coated reamers cut more cooly and exhibit better chip 
flow than uncoated reamers. 


4. Edge rounding at the reamer tip is substantially reduced with 
TIN. 


Table 9. TiN reference studies in medical industry 


1. Coll et al.: Surface Coating Technology, 1988, 36 (3-4), 867- 
878. 


2. Pappas, et al.: Comparison of Wear of UHMWPE Cups 
Articulating with Co-Cr and TiN Coated Femoral Heads; 
Transactions of the Society for Biomaterials, Vol. XIII, May 
1990. 


3. Streicher et al.: New Surface Modification for Ti-6Al-7Nb 
Alloy: Oxygen Diffusion Hardening (ODH); Biomaterials 
1991, Vol. 12, March. 


4. Davidson et al.: Friction, Abrasion, Resistance, and Attach- 
ment Strength of Various Modified Implant Bearing Sur- 
faces; Combined Meeting of the ORS of USA, Japan & 
Canada, October 1991. 


5. Davidson et al.: Surface Modification Issues for Orthopaedic 
Implant Bearing Surfaces; Advanced Materials & Manufac- 
turing Processes, March 1992. 


6. Brown et al.: Effects of Different Surface Treatments of 
Fretting Corrosion of Ti6AI14V; 38th Annual Meeting of the 
ORS, Vol. 17, Section 1, February 1992. 
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Two well-known watch makers are using ca- 
thodic arc technology to coat watch bezels. One is 
coating over a Stainless steel bezel while the other 
is depositing onto specially prepared zinc die cast 
bezels. A thin layer of gold is sputtered over the 
arc deposited film. This combined technology has 
created a new market opportunity by saving gold, 
and providing a “‘life time” matched (to the gold) 
hard coating. 

The above examples illustrate the merging of two 
technologies to serve a market need. The manufac- 
turer can now provide a “pollution free” wear re- 
sistant coating by using cathodic arc’s high ionic 
plasmas to apply low temperature well-adhered 
PVD coatings. 

Cathodic arc has also demonstrated capability in 
providing a wear and corrosion resistant decorative 
coating for hardware fixtures and automotive exte- 
rior components. In this latter case, the cathodic 
arc has been successful in coating over metallized 
plastics. The benign, non polluting nature of the 
cathodic arc process, coupled with flexible chamber 
design and high deposition rates, has opened new 
opportunities in this decorative market niche. 


4.5 Wear Components 


The opportunities in this field are virtually limit- 
less. End users are becoming more knowledgeable 
concerning potential collateral applications within 
their companies. Second, EPA regulations con- 
cerning waste disposal sites and compliance costs 
are Causing companies to explore all surface treat- 
ment technologies. 

Cathodic arc technology is particularly well 
suited. Cathodic arc coatings are already solving 
sliding wear and galling failures in automotive and 
aerospace applications. Many customers can retain 
their lower cost substrates via the arc technique. 
Work is also progressing with thicker coatings of 
CrN to replace thin coatings of electroplated hard 
chrome. CrN via arc deposition has the added fea- 
ture of having no cracks, which are often found in 
hard chrome. Arc-deposited CrN has hardness val- 
ues in 1700-1800 Vickers range, compared to 800- 
1000 Vickers for hard chrome. With arc CrN in 
compressive stress, crack free and possessing supe- 
rior adhesion, chrome nitride via cathodic arc is a 
very plausible replacement for hard chrome. See 
Table 10, comparing coatings and the relative 
mechanisms of wear. 


Table 10. Coating behavior as a function of the various mecha- 
nisms of wear 


Mechanisms of wear TiC Ti(C,N) TiN (Ti,AL)N 
Diffusion ee eo ece ecco 
Adhesion eo ee eoee eo0o 
Abrasion ee eee eo 500 
Oxidation ° ee eve cece 


* poor /** medium /*** good /**** excellent. 


5. New Technical Developments 


5.1 Enhanced Arc 


This latest advance in cathodic arc technology 
opens up new opportunities for potential users. 
This major step forward shows promise in develop- 
ing diamond-like coatings (DLC) and diamond 
coatings for the cutting tool, medical and wear 
component industries. This development also pro- 
duces coatings that eliminate, or virtually elimi- 
nate, macros in the coating. Now the advantages of 
arc technology, such as superior adhesion, can be 
used in applications that require “defect free” thin 
films. The following is a brief description of this 
technology. 

The enhanced arc, as developed by Multi-Arc 
Scientific Coatings, uses a magnetic solenoid which 
is placed in line along the same axis as the cathode. 
In this way, the metal ions, electrons and other 
plasma species which are generated at the cathode 
surface are forced to pass axially through the cen- 
ter of the magnetic field. A schematic representa- 
tion of this device is shown in figure 46. Soft 
magnetically permeable core pieces are used inside 
the magnetic solenoid to complete a magnetic cir- 
cuit which can act on the plasma. Depending on 
the location and configuration of these core pieces 
within the solenoid, various interesting properties 
can be imparted to the three main areas which con- 
stitute coating. These areas are the generation, 
transportation, and condensation phases of the de- 
position process. 

In the generation phase the enhanced arc im- 
parts a higher current density on the surface of the 
cathode. This leads to a higher level of heating of 
the surface, which aids in causing the arc spot to 
split into several spots, which further enhance the 
amount of material generated. These arc spots are 
more diffuse and move rapidly over the cathode 
surface, thereby causing the macroparticles which 
are generated to be much smaller in size. 
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Figure 46. Schematic representation of the Enhanced Arc Sys- 
tem. 


In the transportation phase, as the plasma mate- 
rial passes through the enhanced arc apparatus 
higher energy is imparted to the ions which are 
generated. Conventional arc evaporation imparts 
an average energy of 1.7 eV to titanium ions which 
are generated. The enhanced arc raises this to over 
2.1 eV for titanium. In addition, the disassociation 
and ionization of nitrogen takes place in this stage, 
which does not happen with the conventional pro- 
cess. We theorize that the high electron bombard- 
ment of already reduced macros which are 
generated causes them to become vaporized in this 
phase of the process. In the conventional arc evap- 
oration process about 75% to 80% of the titanium 
metal vapor which is generated is ionized. With the 
enhanced arc system we have shown that there is 
100% ionization of the generated metal vapor. 

The last and most important phase is the con- 
densation phase. The substrate to be coated is 
biased by a negative potential. This negative poten- 
tial provides an additional attractive force to cap- 
ture the high energy arriving ions. These high 
energy arriving ions in and of themselves will lead 
to well-adhered, dense, compacted films. In addi- 
tion, the bombardment of the film by the ionized 
gas species which can be generated will further aid 
in the formation of dense, defect-free films. This 
can be seen in figure 47. 


Figure 47. Fracture cross section and surface of a 7 1m TiN coating at 1000 x, using (a) conventional arc, (b) enhanced arc. 


One of the most significant advantages of the en- 
hanced arc system is its ability to sustain an arc 
spot on the surface of a graphite cathode. Due to 
the negative resistivity as a function of temperature 
for this material, it is extremely difficult to evapo- 
rate with the conventional arc process. The en- 
hanced arc system allows for the evaporation of the 
material. Dense well-adhered DLC films have been 
evaporated and deposited onto high speed steel 
substrates. This newest advancement of the arc 
evaporation technology promises to open up many 
new areas of application for arc evaporated coat- 
ings. 


6. Evolution of Arc Technology 


The major strengths of arc technology are that it 
is simple in concept and can be translated into very 
rugged and reliable equipment. Its ability to highly 
ionize the metal species allows for superior adhe- 
sion of coatings compared to other PVD technolo- 
gies. Arc evaporation has a wider “coatings 
window” because good adhesion can be achieved 
(depending on application requirements) as low as 
350 °F, which allows the coating to be applied to a 
broad range of substrate materials. 

As stated earlier, a “good” or “bad” coating is 
application dependent. It is how the coating per- 
forms in the final analysis that counts. A purist 
would say that macros are undesirable. Concern 
Over macros is application dependent. We have 
had several applications where they have provided 
certain advantages. 

An area requiring further development is the 
building of models that can predict coating thick- 
ness and uniformity, given the variabilities of part 
configurations, distances from the substrate, bias 
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voltage, pressure, temperature, etc. Today, edu- 
cated guesses and trial cycles are run on specific 
parts/applications to optimize coatings. Mathemati- 
cal models that could predict actual results would 
shorten development time. Understanding the 
physics and interrelationships of the process as re- 
lated to specific part geometries, surface conditions 
and spacing of parts is required to develop practi- 
cal mathematical models. 

Arc technology, as can other PVD processes, can 
benefit from refinements in arc sensing, bias power 
supplies, fixturing, computer technology, vacuum 
pumps, etc.; however, our experience points to an 
educated customer and an educated arc technology 
supplier in adapting the technology to the applica- 
tion. After this understanding is reached, a deter- 
mination can be made as to whether the current 
technology is suitable or can be modified, or 
whether the current state of development is not ad- 
equate to perform in a specific application. Lack of 
fit could be either technical and/or economic, such 
as cost per piece not being competitive with an al- 
ternative process or manufacturing method. 
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The demands for materials with im- 
proved mechanical, thermal, optical, 
electrical, magnetic, and chemical prop- 
erties have forced the development of 
technologies such as chemical vapor de- 
position (CVD) and plasma enhanced 
chemical vapor deposition (PECVD). 
These technologies are used not only as 


the technologies and materials that re- 
sult from them. These comparisons high- 
light the similarities and differences of 
the two technologies. A few CVD and 
PECVD processes are described and the 
limitations, advantages, and technical 
gaps associated with each technique are 
discussed. 


surface treatments to improve properties 


of the base materials but to form mate- 
rials which are not readily made by 
other means. An overview of the basic 
principles behind CVD and PECVD is 
presented and comparisons are made of 


1. Introduction 

Readers of this book are already aware that 
many vapor deposition processes are available to 
form the same materials. This chapter does not 
present a comprehensive review of CVD and 
PECVD developments. Its purpose is to provide 
basic information about each of these vapor depo- 
sition processes that will allow readers to recognize 
where technology gaps exist which could be appro- 
priately addressed by the capabilities and objec- 
tives of their organizations. 

Electrodeposition, vapor deposition, sol gel, so- 
lution, and melting processes are all methods for 
forming materials from their basic building blocks 
of atoms, ions, and molecules. Vapor deposition in- 
cludes any process in which materials put into a 
vapor form, by some condensation, chemical reac- 
tion, or conversion step, are made to form a solid 
material. These processes are used to form coat- 
ings to alter the mechanical, electrical, thermal, op- 
tical, corrosion resistance, and wear properties of 
the substrates upon which they are deposited. They 
are also used to form free-standing bodies, films, 
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tion; PECVD; RF-PECVD; vapor depo- 
sition. 


and fibers and to infiltrate fabric to form composite 
materials. Vapor deposition provides methods of 
preparing materials which may be fabricated by 
other techniques but because of needed properties 
or economic considerations are best produced by 
vapor deposition processes. An example is the 
miniaturization of electronic circuits. Alternate 
processes for forming the complex circuits of com- 
puter chips have not developed. Without vapor 
deposition techniques to form materials with con- 
trolled microstructures and chemistry, progress in 
this and related technologies would have been very 
difficult. 

The term physical vapor deposition (PVD) was 
used in early experiments in which materials were 
vaporized and then recondensed to form coatings. 
Chemical vapor deposition (CVD) was the term 
used when the chemical composition of the precur- 
sor gases differed from that of the deposit. In CVD 
processes a gas or mixtures of gases are fed into a 
deposition chamber where the material is to be 
deposited. To make the process work, energy is 


supplied to the gas to decompose it or to convert 
the stable molecules of the gas to ions, free radi- 
cals, or energetic neutrals. This then generates the 
reactive gas mixture from which the deposits are 
formed. 

The world-wide proliferation of vapor deposition 
developments made the designations PVD and 
CVD too limiting. As modifications of these early 
processes progressed, experimenters began adding 
clarifying words to describe how the precursor 
gases were converted into the reactive gas mix- 
tures. Sputtering, ion plating, plasma enhanced 
chemical vapor deposition (PECVD —sometimes 
called plasma assisted chemical vapor deposition 
(PACVD)), low pressure chemical vapor deposi- 
tion (LPCVD), laser enhanced chemical vapor de- 
position, active reactive evaporation (ARE), ion 
beam sputtering, laser evaporation, and electron 
cyclotron resonance (ECR) enhanced vapor depo- 
sition are terms now used to describe modifications 
of the early PVD and CVD processes. For exam- 
ple, LPCVD processes are those in which the total 
pressure in the deposition chamber is less than 1 
Torr. 


1.1 CVD and PECVD Processes 


In both CVD and PECVD processes, a reactant 
gas mixture is allowed to impinge on a substrate 
upon which a deposit is to be made. The two pro- 
cesses differ in the manner by which the reactants 
used to make the deposit are formed. In CVD pro- 
cesses gas precursors are heated to form the reac- 
tant gas mixture. The molecular fragments, free 
radicals, and atoms thus formed react with one an- 
other in the gas phase and/or on the substrate to 
form the desired solid. Temperature plays two 
roles in this process. First, it provides the activation 
energy for the decomposition of the precursor 
gases. Second, it (along with pressure and the start- 
ing gas composition) determines the chemical 
makeup of both the reactant gas mixture and de- 
posited solid. The properties of deposits formed by 
CVD processes are dependent not only upon the 
process parameters, but also upon the temperature 
profiles and gas dynamics of the deposition system. 

The formation of the reactive gas mixture is 
more complex in PECVD than in thermal CVD 
processes. Energy is added to electrons by an elec- 
tric field in a low temperature plasma. Collisions of 
these energetic electrons with neutrals produce 
ions. These ions also gain kinetic energy in the 
electric field of the plasma. When these ions col- 
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lide with neutrals, ions, free radicals, molecular 
fragments, and agglomerated macromolecules can 
result. Deposits form as a result of the reaction of 
these energetic species of the plasma with each 
other or with the substrate. Since the substrate in 
PECVD processes is heated by the impinging ions, 
additional heating or cooling of the substrate may 
be required to optimize the desired properties of 
the deposit. While the purpose of this heating or 
cooling is not to form the active gas species, as it 
does in CVD processes, temperature does influ- 
ence the composition of the reactive gas in the 
glow discharge plasma and thus the microstructure 
and deposit chemistry. 


1.2 CVD and PECVD Applications 


The first CVD processes were operated at atmo- 
spheric pressures in isothermal systems. Deposition 
of carbon by the thermal decomposition of hydro- 
carbon gases and the hydrogen reduction of halides 
to form refractory materials dominated the early 
CVD developments. Examples of early applications 
include deposits for semiconductor developments 
in the electronic industry [1-5], tribology applica- 
tions [6-14], corrosion protection [15-19], and opti- 
cal applications [20-21]. Early CVD deposits were 
also used for refractory materials in the High Tem- 
perature Gas Cooled Reactor (HTGR) programs, 
thermionic reactor experiments, and high tempera- 
ture composite material development studies. A 
wider variety of materials are now being deposited 
by CVD and PECVD processes. A partial list of 
these materials is shown in Table 1. Formation of 
materials by CVD or PECVD processes is usually 
done because specific properties of materials of in- 
terest are difficult to obtain by other means. The 
uniqueness of vapor deposition processes lies in 
their ability to control the microstructure and/or 
chemistry of the deposited material CVD and 
PECVD processes are used not only for the deposi- 
tion of coatings but also to form foils, powders, 
composite materials, free-standing bodies, spheri- 
cal particles, filaments, and whiskers. Some exam- 
ples of problems solved using CVD and PECVD 
are described below. 

Carbon foils 200 to 1000 A thick were made for 
high energy, high intensity negative ion beam neu- 
tralization studies. The foils were formed by de- 
positing thin carbon films on soluble substrates by 
an RF-PECVD process and then selectively dis- 
solving away the substrates [22]. 


Table 11. Partial list of materials deposited by CVD and PECVD processes 


MATERIALS DEPOSITION PROCESS 


METALS CVD LPCVD RF-PECVD Remote Microwave ECR-PECVD 
RF-PECVD 
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Table 11. Partial list of materials deposited by CVD and PECVD processes — Continued 


MATERIALS DEPOSITION PROCESS 


Nitrides CVD LPCVD RF-PECVD Remote Microwave ECR-PECVD 
Oxides RF-PECVD 
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Advantage has been taken of the high product 
purity of CVD processes in the preparation of pow- 
ders [23-25]. High gas pressures and high concen- 
trations of reactant in the gases favor the formation 
of powders [26-28] by both CVD and PECVD 
processes. Both chemical vapor infiltration (CVI) 
[29-31] and plasma enhanced chemical vapor infil- 
tration (PECVI) [32,33] are being targeted as po- 
tential commercial processes to produce high 
temperature, fiber reinforced composite materials. 
Most of the advancements have been by CVI pro- 
cesses. Developments in vapor infiltration of com- 
posites are dependent on the geometry of the parts 
to be infiltrated, the chemical compositions of both 
reinforcement and matrix materials, and the oper- 
ating environments of the composites. Progress in 
CVI technologies has been slow. Innovative CVI 
approaches are needed for the commercialization 
of high temperature composites to become eco- 
nomically feasible. 

An example of a specialized free-standing body 
formation is the fabrication of emitters for 
thermionic reactor experiments [34-39]. Tungsten 
emitters were deposited by the hydrogen reduction 
of WF. on molybdenum substrates in a CVD pro- 
cess. The process parameters were used to restrict 
the fluorine contents of these emitters to between 
5 and 15 ppm. These fluorine levels were found to 
maximize the mechanical properties of the emitters 
while maintaining fast neutron damage resistance. 
A [110] high work function coating of tungsten 
from the hydrogen reduction of tungsten chloride 
[40,41] was deposited over the fluoride tungsten to 
complete the emitter. Emitters were closed end 
cylinders with up to 12 cm lengths, 3 cm diameters, 
and 0.5 cm thick walls. 

The development of coated nuclear fuel particles 
is another example of vapor deposition processing 
solving a problem that would have been difficult to 
solve by other means. In nuclear reactors the prod- 
ucts of fission reactions must be contained and re- 
tained in some manner that will permit them to be 
removed either continuously or periodically when 
the fuel is spent. In either case it is imperative that 
fission products do not leak out of the reactor. Fis- 
sion reactors normally use primary and secondary 
containment of the fission products to prevent this 
leakage. In helium cooled, high temperature reac- 
tors, this problem was solved by encapsulating UC), 
UO», ThO2, and other nuclear particles in multilay- 
ered carbon and silicon carbide coatings as shown 
in figure 48. The inner coating was made of low 
density amorphous carbon to provide space for fis- 
sion products. Two isotropic carbon coatings with 
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silicon carbide sandwiched between them com- 
pleted the fuel particle coating. The carbon coat- 
ings were isotropic for stability in the neutron 
environment of the reactor. They also were pore 
free and able to withstand fission product gas pres- 
sures of approximately 300 atmospheres that accu- 
mulate during the life of the fuel element. The 
silicon carbide layer retained those fission products 
which diffuse through carbon. All coatings were 
applied in a fluidized bed of particles, typically 
100-1000 ym diameter, of the nuclear materials 
[42-45]. 
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PYROLY TIC CARBON 
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ee 
INNER ISOTROPIC = —— 
PYROLYTIC CARBON 
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Figure 48. Multilayered carbon and SiC coatings used on Gen- 
eral Atomics’ UC, fuel particles for fission product retention 
[see refs. 42-44]. 


Vapor-liquid-solid (VLS) is a catalyzed CVD 
process that is used for the deposition of filaments 
and whiskers. Carbon filaments are formed by the 
catalytic reduction of hydrocarbons in the VLS 
process [46-48]. Iron or nickel fine powders are 
typically used as the catalyst for this process. 
Amorphous carbon preferentially deposits on the 
catalyst and diffuses into it, forming a low melting 
carbide. Graphite precipitates on the substrate side 
of the catalyst, forming the filament as shown in 
figure 49. Deposition of anisotropic pyrolytic car- 
bon increases filament diameters and the growth 
ring appearance of filament cross sections. The 
free energy difference between the deposited 
amorphous carbon and the precipitated graphite 
provides the driving force for the continued trans- 
port of carbon through the catalyst. Whiskers of 
silicon carbide are formed by a similar VLS process 
on substrates peppered with a transition metal cat- 
alyst [49]. 
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Figure 49. Growth steps for the catalyzed nucleation and 
growth of carbon filaments by the VLS deposition process. 


The CVD processes discussed so far require high 
temperatures, typically 1100 °C and higher. When 
attempts were made to lower process temperatures 
by using more reactive precursors such as hydrides 
and metal organics, the processes generated poor 
quality, frequently contaminated, often sooty de- 
posits. Cold-walled reactors provided the first im- 
provements over the early processes. 

Cold wall CVD created sharp thermal gradients 
and reduced gas phase reactions which produce 
sooting and improved the uniformity of film cover- 
age. Both microstructure and impurity contents 
were more controllable by cold wall CVD pro- 
cesses. Reducing processing pressures to less than 
1 Torr further improved the quality of deposits 
formed by cold wall CVD processing. This allowed 
the use of more reactive hydride and metal organic 
precursors. Epitaxial silicon could then be de- 
posited at 600 °C by LPCVD processes [50] instead 
of the 1100°C+ [51-53] temperatures used in 
early epitaxial silicon depositions. 

Process developers began looking at plasma en- 
hanced processes to further reduce deposition tem- 
peratures. The first plasmas used were DC and low 
frequency RF, which allowed epitaxial silicon film 
formation to occur at temperatures lower than 
300°C [54]. These lower temperature deposits, 
however, had several drawbacks. It was more diffi- 
cult to control contamination, microstructure, and 
as-deposited stresses in these deposits than in the 
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higher temperature CVD processes. Improvements 
have been, and are being, made by switching to 
13.56 MHz and 2.54 GHz plasmas and through the 
use of remote plasma processes. Remote plasma 
processes are those in which the substrate is re- 
mote from the plasma where the reactive gas mix- 
ture is formed [55-57]. 

These efforts to improve control of the deposi- 
tion processes are continuing. Work is also being 
done to apply these newer technologies in the de- 
velopment of high temperature superconducting 
materials, the vapor deposition of diamond, and 
the development of functionally gradient materials. 


2. Operating Principles in Chemical 
Vapor Deposition and Plasma 
Enhanced Chemical Vapor Deposition 


Processes 


2.1 Chemical Vapor Deposition 


Conceptually the CVD process is one in which a 
mixture of gases is forced through tubing into a 
heated deposition chamber. The heated gas mix- 
ture undergoes chemical reactions in the deposi- 
tion chamber to form a deposit on a strategically 
located substrate within the chamber. A typical 
CVD process can be broken down into the follow- 
ing steps: 


¢ formation of the reactive gas mixture, 

* mass transport of the reactant gases through a 
boundary layer to the substrate, 

* adsorption of reactants on the substrate, 

* reaction of the adsorbents to form the deposit, 
and 

* desorption of the gaseous decomposition prod- 
ucts of the deposition process. 


The thermodynamics and kinetics of the chemi- 
cal reactions within the reactive gases and between 
the reactive gases. and adsorbents on the substrate 
are complex. Equally complex are the flow dynam- 
ics which control temperatures, pressures, gas flow 
rates, and gas compositions at the gas-substrate in- 
terface. Abrupt changes in the dimensions of the 
gas flow from tubing to deposition chamber, ther- 
mal gradients in the heated gases, dynamic chemi- 
cal reactions in the heated gases, and the size and 
configuration of the exhaust system all contribute 
to the flow dynamics of the processes. The design 
of the deposition system and selection of process 
parameters must be tailored to suit the material 


being deposited. This will allow one to control the 
thermodynamics, kinetics, and transport properties 
of the process. 

2.1.1 CVD Thermodynamic Models A CVD 
process may be primarily due to the unimolecular 
decomposition of a precursor gas, as is the case in 
C3Hs =3C + 3H): for the deposition of carbon from 
a hydrocarbon. However, this is not the only reac- 
tion that occurs, as thermodynamic examination of 
the process would show. For example, as figure 50 
[58] shows, the continued collisions of the molecu- 
lar fragments at elevated temperatures allow other 
possible reactions to occur. 

The deposition process may be bimolecular, re- 
quiring the decomposition of two compounds and 
the interaction of products of these decomposition 
processes to form the deposit. An example is the 
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deposition of Si3N4 from the reaction of SiH, with 
NH3. The desired deposit is formed if thermody- 
namics favor the deposition process and when the 
temperature is high enough that the required acti- 
vation energy for the reaction to occur is exceeded. 
Whether or not these materials are actually formed 
depends on the kinetics of the reactions. 

The goal of thermodynamic modeling is to deter- 
mine a window of process parameters which will 
favor the deposition of the material of interest. For 
simplicity it is usual to limit the thermodynamic 
modeling to isothermal, isobaric equilibrium reac- 
tions [59-61]. The assumptions are made that if 
time is not limited, chemical equilibrium will be 
achieved and can be estimated from thermodynamic 
calculations. Thermodynamic calculations provide 
process guidance in the selection of precursor 


mw 


om 


1000 1200 1400 1600 


TEMPERATURE k 


Figure 50. Effect of temperature on the equilibrium constant for reactions involving C3H, (after Grower 
and Hill [58]). Curve 1, CsHs—=CHs+ C2H2; Curve 2, Cs3Hs=CH4 + 2C + H2; Curve 3, CsH6=3C + 3H2; 
Curve 4, C;H,+H2=CH,4+C2H,; Curve 5, C3H6+3H2=3CHy; Curve 6, C3H6=3/2 C2H4; Curve 7, 
C3H6=1/2 CsH6 + 3/2 H2; Curve 8, C3 H6—=C2H2 + C + Ho. 
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gases, temperatures, and pressures. CVD phase di- librium gas composition limits that allow the exper- 
agrams are generated from these calculations [62- imenter to estimate the range of process 
69]. Examples of such CVD phase diagrams are parameters which will deposit materials of the de- 
shown in figure 51. These diagrams provide equi- sired chemical composition. 
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Figure 51a. Equilibrium CVD phase diagram for a portion of the Nb-Ge-H-Cl system (after 
Spear [59], reprinted with permission of The Electrochemical Society). 

Figure 51b. Equilibrium CVD phase diagram for a portion of the SiH4-BCl3-H2 system (after 
Spear and Dirkx, Ref. [60], reprinted with permission of The Materials Research Society). 
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Several computer programs have been developed 
to generate these CVD diagrams. Two examples 
are SOLGASMIX [70,71], and NASA CEC [72]. 
These programs are quite valuable in planning 
CVD processes as long as the model limitations are 
understood. Three of these limitations are 


(1) the availability of thermodynamic information 
needed to make thermodynamic calculations, 

(2) the accuracy of the existing thermodynamic 
data base, and 

(3) the ability to relate thermodynamic calcula- 
tions to the dynamically changing temperature 
environments of real CVD reactors. 


2.1.2 CVD Kinetic Models Kinetic modeling 
of CVD processes has not received the same atten- 
tion as thermodynamic and transport modeling. 
Difficulties in experimentally verifying theoretical 
models are the primary reason. It is also difficult to 
combine mass transport and kinetic models owing 
to differences in time for rates of reactions and 
transport processes [73]. Most kinetic models of 
CVD processes [26,28,73-92] are based on indirect 
information about the kinetics of the reactions. An 
example of this type of information is the rate of 
deposition. These kinetic models fall into three cat- 
egories: 


(1) those which look at homogenous reactions in a 
nearly stagnant boundary layer where diffusion 
across this layer is the rate controlling step in 
the CVD process [80]; 

(2) those which look at heterogenous reactions on 
the substrate where the kinetics of these reac- 
tions is rate controlling [73,76,83,86]; and 

(3) those which consider the deposition process in 
terms of a flux of gas phase species and a stick- 
ing coefficient for these impinging species 
[28,75,79,83]. 


In boundary layer models of CVD processes [84], 
the precursor gases must react in the gas or on the 
substrate to form the molecular species from which 
the deposit is made. These gas mixtures contain 
molecules, atoms, ions, or free radicals which can 
do one or both of the following: 


(1) undergo homogenous reactions in the gas mix- 
ture; 

(2) diffuse to the substrate, adsorb on the sub- 
strate, and undergo heterogeneous reactions 
with other adsorbed molecules or with 
molecules of the substrate. 
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Which reactions occur depends not only on fa- 
vorable thermodynamics but on the activation en- 
ergies required for the reactions to begin. The rate 
controlling steps in the complex deposition process 
also affect the deposition process path. Not only 
are precursor gases involved in the reactions but 
also metastable intermediates and gaseous prod- 
ucts of the deposition process. A counter flow of 
these gaseous products must diffuse away from the 
substrate surface. Their presence thus increases 
the complexity of the gas phase chemistry at the 
gas-substrate interface. Gas pressures as well as gas 
temperatures and gas composition affect the chem- 
ical kinetics of CVD processes [28,74-79]. 

High collision frequencies of molecules in near 
isothermal, atmospheric pressure, viscous flow 
gases promote homogenous reactions. These reac- 
tions occur primarily in the boundary layer of 
nearly stagnant gas above a heated substrate but 
can also occur in the heated fast-flowing feed gas 
[26,27,80]. Homogenous reactions can result in gas 
phase nucleation of macromolecules and formation 
of particulate by agglomeration of macromolecules. 
Diffusion of these macromolecules and other reac- 
tants at atmospheric pressure can be slow com- 
pared with the reaction kinetics on the substrate. 
When this occurs, diffusion across the boundary 
layer is the rate controlling step in the deposition 
process [74,76-78,80,81]. When both gas tempera- 
ture and pressure are reduced, not only is the colli- 
sion frequency reduced but also the number of 
collisions which result in gas phase macromolecule 
formation. Eventually the rate of reaction between 
adsorbed reactants on the substrate becomes 
slower than the mass transport of reactants to the 
substrate. The deposition process is then con- 
trolled by the rate at which surface diffusion and 
reaction of adsorbed atoms with one another and/ 
or the substrate occur. The effect of these changes 
in the rate controlling step is shown in a plot of the 
deposition rate versus 1/T (fig. 52). 

Although the boundary layer thickness may not 
change with pressure [77,78], diffusion of reactants 
across this boundary layer is more rapid as deposi- 
tion pressures are lowered. Diffusion is roughly in- 
versely proportional to pressure. Thus, gas phase 
nucleation and formation of macromolecules or 
particulates are correspondingly less. When the 
mean free path for molecular collisions exceeds ap- 
proximately half the diameter of the deposition 
chamber, gas phase nucleation is eliminated [83]. 
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Figure 52. CVD silicon growth rate change as a function of 1/T as the Sherwood number changes from 


Sh<1 to Sh>1 (after Bloom et al., Ref. [50]). 


2.1.3 CVD Transport Models Thermodynamic 
calculations provide an upper limit of possible re- 
actions if temperatures and pressures are known 
and if the kinetics favor the reaction. Neither ther- 
modynamic nor kinetic calculations provide guid- 
ance in the design of apparatus needed for 
commercial CVD. Control of deposit composition, 
uniformity, and reproducibility needed to produce 
modern materials requires a sophisticated under- 
standing of the transport phenomena within the 
CVD reactor. Both 2D and 3D modeling of CVD 
processes are being developed to provide informa- 
tion about gas velocity, gas composition, and ther- 
mal variations within the CVD reactor [84,93-113]. 

CVD transport models address problems that 
system engineers must overcome in designing de- 
position environments which provide reproducible 
control over the process parameters. Temperature 
distributions within the reactive gas mixture, trans- 
port of the reactants to the substrate, the substrate 
temperature, and the dwell time for reactants in 
the vicinity of the substrate are process parameters 
which must be known and controlled. The trans- 
port parameters which are addressed in these mod- 
els include the following: T, temperature; v, gas 
velocity; 1, path length for gases in the hot zone of 
the deposition reactor; n, gas viscosity; g, gravity; p, 
gas density; D, the diffusion coefficients for the 
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gases; k, the mass transfer coefficient; and C,, the 
specific heat at constant pressure. These transport 
parameters are often grouped together in dimen- 
sionless numbers as a convenient way of providing 
numerical guides to the flow dynamics of selected 
deposition hardware and processes. Some of the 
dimensionless numbers of interest in CVD pro- 
cesses are: 


1. Reynolds Number, Re = pvol/"o. 
Re <2300 in the vicinity of the substrate indi- 
cates laminar flow. 
2. Gr/Re*, where 
Gr= gp Apl*/”. 
Gr/Re? > 0.3 is indicative of combined, or if > 16 
free, convection flow [93,111]. 
Gr/Re’?<0.3 is indicative of forced convection 
flow. For deposit uniformity, this is desirable. 
. Sherwood Number, Sh=kr/D for a first order 
process in a reactor of radius, r. 
Sh>1 is indicative of the deposition rate being 
limited by the rate of diffusion of the reactants 
through a boundary layer above the substrate 
[76]. 
Sh<1 is indicative of a surface diffusion and re- 
action kinetics, rate controlling process. When 
uniformity is more important than deposition 
rate, it is desirable to operate in an Sh<1 mode. 


the Grashof number 


4. Pe/Sh, where the Peclet number Pe = v1/D. 
Pe/Sh> 850 is indicative of uniform deposition 
[84]. 


Temperature gradients in cold wall systems can 
be >1000/K. These gradients can significantly alter 
model predictions and must be considered when 
making transport calculations. When heat transfer 
corrections are included in transport models, flow 
patterns in both vertical and horizontal reactors 
can be drastically altered [107]. In cold wall CVD 
systems involving gas species with disparate molec- 
ular species, Soret (thermophoretic) diffusion can 
change the expected chemistry at the gas-substrate 
interface. These and other corrections to the trans- 
port models are system design dependent and are 
thus more easily determined experimentally than 
theoretically. 

The mean free paths for collisions of gas species 
in the reactive gas mixtures of both CVD and 
PECVD processes are inversely proportional to the 
pressure, P. Pressure therefore has a direct bearing 
on the gas phase chemistry. As pressures are low- 
ered, the diffusion coefficients for reactants im- 
pinging on the substrate, D,, are lowered since D, a 
1/P. The boundary layer thickness increases with 
decreasing pressure, but at a slower rate than D, 
increases. 


2.2. Plasma Enhanced Chemical Vapor Deposition 


Gas phase chemistry, adsorption, surface chem- 
istry kinetics, and mass transport in PECVD pro- 
cesses are all skewed when compared with CVD 
processes by the existence of the plasma. Glow dis- 
charge plasmas rather than temperatures are used 
to provide the activation energy to initiate gas 
phase chemical reactions in PECVD processes. 
Control of the gas phase chemistry in PECVD pro- 
cesses therefore requires control of the plasma 
properties. Excellent reviews on this subject are 
available [114-132]. The following sections give a 
brief description of glow discharge plasmas and an 
overview of those plasma properties which influ- 
ence PECVD processes. 

2.2.1 Glow Discharge Plasmas Glow dis- 
charges are generated when an electric field of suf- 
ficient strength is applied across a gas that 
breakdown of the insulating properties of the gas 
occurs. Electrons gain energy during their fall 
through the potential gradient of the electric field. 
The momentum and thus the energy of the elec- 
trons responding to this electric field are trans- 
ferred to the atoms or molecules of precursor gases 
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through collisions. These collisions result in the 
formation of ions, molecular fragments, energetic 
neutrals, atoms, and free radicals. A plasma is 
formed when the number density of ions and elec- 
trons is everywhere equal. This condition of quasi- 
neutrality is maintained by the continued presence 
of energetic electrons. 

Plasmas differ from neutrals in their collective 
behavior. This collective behavior is in the form of 
both particle and wave motion. Particle motion re- 
sults from the movement of ions in the electric and 
magnetic fields of the plasma. Wave motion is the 
result of the response of electrons of the plasma to 
electric and magnetic fields. Wave motion occurs 
when the degree of ionization in the plasma is high 
enough that charge bunching and separation occur. 
Since the concentration of energetic electrons con- 
trols the number of ions formed from electron-neu- 
tral particle collisions, wave motion alters the 
distribution of ions in the deposition chamber. 
Thus, both particle and wave motions can influence 
the deposition of materials in PECVD processes. 

To maintain a capacitively coupled plasma, elec- 
tric field strengths and gas pressures must be ad- 
justed not only to add sufficient kinetic energy to 
electrons to ionize neutral atoms, but to allow the 
ions to accumulate sufficient kinetic energy to gen- 
erate secondary electrons when impacting the 
cathode. The quasi-neutral state can continue if 
the quantity of secondary electrons exceeds that 
needed for the formation of ions and the replace- 
ment of those electrons lost to walls and other 
parts of the deposition system. Plasmas which meet 
these criteria are glow discharges where the aver- 
age electron energy is the order of 1 to 30 eV in an 
electron cloud whose density ranges from approxi- 
mately 10° to 10’? cm~*. 

In DC plasmas and low frequency capacitively 
coupled RF plasmas, electrons increase their en- 
ergy in the cathode sheath. The cathode sheath is a 
positive space charge region which forms near the 
cathode as a result of differences in electron and 
ion mobilities. The sheath forms a potential barrier 
which repels electrons and maintains the electron 
flux-ion flux equilibrium. The potential gradient 
between the plasma and wall is primarily the po- 
tential gradient across the cathode sheath. The po- 
tential gradients across both the cathode and 
anode plasma sheaths of capacitively coupled plas- 
mas are dependent on the potential drop across 
the electrodes, plasma frequency, gas pressure, gas 
flow velocity, gas composition, electrode size, and 
electrode configuration. 


When the collision frequency is high, as is the 
case for electrons and neutral gas species in near 
atmospheric pressure gases, the average energy ac- 
cumulated by the electrons is small. Under these 
circumstances the average electron temperature 
and neutral gas molecule temperatures are approx- 
imately the same. It then becomes difficult to apply 
an electric field of sufficient strength to cause ion- 
ization without creating an electron avalanche and 
arcing. 

The key to sustaining a plasma is thus to increase 
the mean free path for electron-electron and elec- 
tron-atom collisions while minimizing electron wall 
loses. Lowering pressures used in the deposition 
process is one way of increasing the mean free 
path. There are limits, however, to the adjustments 
one can make with pressure alone and still sustain 
the plasma. The mean free path for electron-atom 
collision will become a significant fraction of the 
dimensions of the coater chamber as pressures are 
lowered. When this occurs, electron density reduc- 
tion by low electron-atom collision frequencies and 
electron loss by wall collisions will quench the glow 
discharge. 

2.2.2 Control of the Plasma Properties The 
plasma properties which control the gas phase 
chemistry in PECVD processes are: 


¢ the collision frequency, 

¢ the mean free path, 

¢ the electron density, and 

¢ the electron energy distribution function. 


The deposition rate is dependent on the number 
of active species in the plasma and thus the colli- 
sion frequency of energetic electrons with neutrals 
in the precursor gas. The degree of ionization of 
neutrals in a plasma depends on the electron en- 
ergy distribution and the electron density. 

The collision frequency of electrons with neutral 
gas species a for momentum transfer v, can be de- 
scribed by the expression: 

Va = PTO aVe (1) 
where v. is the average electron speed; pr is the 
density of all atoms, molecules, ions, free radicals, 
and electrons in the gas; and oz, the collision cross 
section of gas species a, is assumed to be indepen- 
dent of energy. Since 


ve a (T.)'*, expression (1) can be written 


Va>= K.pro.(Te)!” (2) 
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where K, is a proportionality constant and T, is the 


electron temperature. 

The collision frequency depends on the mean 
free path of the electrons. The mean free path, Aa, 
is the average distance electrons travel before they 
collide with a neutral species. For electrons passing 
through a gas of species density pr, 


(3) 


where g, is the collision cross section for momen- 
tum exchange. The collision cross sections are elec- 
tron energy dependent. For argon, the maximum 
cross section for momentum exchange is approxi- 
mately an order of magnitude larger than the cross 
section for ionization to Ar* and requires an order 
of magnitude lower electron energy. 

Another way of increasing the average energy of 
electrons in a plasma is to alter the plasma proper- 
ties with an applied magnetic field. When a mag- 
netic field is applied normal to the applied electric 
field, an E X B drift will cause the electrons to 
describe a cyclic motion around electric field lines. 
This change in electron direction increases the 
mean free paths and thus increases electron ener- 
gies. Cyclic electron motion in response to mag- 
netic fields cuts electron wall losses. This lowers 
the threshold pressures needed to sustain the 
plasma and broadens the window of allowable 
PECVD process parameters. Magnetic field 
strength affects the spatial distribution and reactive 
gas phase species density [200]. ; 

2.2.3 Electromagnetic Frequency Effects on 
Cold Plasmas _ Plasma excitation frequencies have 
a direct influence on the properties of glow dis- 
charges and therefore the gas phase chemistry in 
PECVD processes. They affect the minimum 
voltage required to sustain a plasma. Frequency 
determines the spatial distribution of species and 
how their energies and concentrations change with 
time. The shape of the electron distribution func- 
tion may change with frequency. 

Changing from low to high RF plasma frequen- 
cies causes an increased oscillation of electrons in 
response to changes in the direction of the electric 
field. The energy distribution and collision fre- 
quency of electrons with neutral atoms and 
molecules in plasmas of DC, RF, and microwave 
glow discharges control the gas phase chemistry 
and hence the composition of the deposits which 
result from these processes [114,119,135]. Both the 
electron energy distribution function (the probabil- 
ity of finding electrons at a given interval of en- 
ergy) and electron density vary with the discharge 


a= 1/pro. 


stimulating frequency. Even when used only for bi- 
asing the substrate, frequency affects the ion en- 
ergy distributions (fig. 53 [123]). 
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Figure 53. Effect of RF bias frequency on the ion energy distri- 
bution at the substrate in an ECR-PECVD system (after Holber 
and Forster, Ref. [123], reprinted with permission of the Ameri- 
can Institute of Physics). 


Ferreira and Loureiro have shown for argon 
[122] that the average input power per electron at 
unit gas pressure required to sustain a discharge 
decreases as w (the angular frequency of the ap- 
plied electromagnetic field) increases. Thus, at a 
specific power input and constant pressure, the 
ionization efficiency of the plasma increases as w 
increases. They showed that the shape of the elec- 
tron distribution function, f(u), depends on v,/w. 
When v,/w>1, the electrons act as if they are ina 
DC plasma. For v,/w<1 (RF and microwave fre- 
quencies), f(u) is not Maxwellian. In low frequency 
RF discharges, the low electron collision frequency 
does not allow the mean electron energy to re- 
spond to field changes. At higher excitation fre- 
quencies (high collision frequencies between 
electrons), the mean electron energy will respond 
to the instantaneous field intensity and be in equi- 
librium with it. These differences can be seen in 
figure 54 [120]. 

Moisan et al. [119] showed that the electron en- 
ergy distribution function was also sensitive to w. 
They found the density of dissociated molecules, 
free radicals, ions, and excited atoms produced 
from collisions of energetic electrons with neutrals 
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Figure 54, Electron energy as a function of wt at (a) RF and 
microwave frequencies i.e. v/a <1, and (b) low frequencies i.e. 
v/m>1 (after Flamm, Ref. [120], reprinted with permission of 
the American Institute of Physics). 


to be w sensitive. Wertheimer and Moisan [135] 
estimated f(u) for different values of v./w for DC, 
RF, and microwave plasmas. Their work shows that 
the population of higher energy electrons increases 
as the plasma frequency increases. 

At constant power, the average energy of the 
electrons, (u), decreases as the plasma frequency 
increases. This compensates for the higher popula- 
tion of high energy electrons with increasing 
plasma frequency than a Maxwellian distribution 
would suggest. The consequence of these skewed 
electron energy distributions is differences in gas 
phase chemistry and thus deposits formed by RF 
and microwave frequencies. Properties of deposits 
formed at microwave frequencies differ from those 
of 13.56 MHz RF frequency plasmas [136-140]. An 
example of this can be seen in figure 55, for the 
hydrogen contents of SisN, deposited by CVD, 
RF-PECVD, ECR-PECVD, and RF biased ECR- 
PECVD processes. The figure shows that the total 
hydrogen uptake by RF-PECVD at 300°C is not 
too different from the hydrogen uptake by an 
ECR-PECVD process at 25 °C. This is counter to 
the normal trend in which the hydrogen uptake de- 
creases with increasing temperature [138,174]. 
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Figure 55. Hydrogen contents of Si3N, films, deposited by 
CVD, RF-PECVD, and ECR-PECVD processes, as a function 
of film thicknesses and substrate temperatures (after Nguyen 
and Albaugh, Ref. [136]). 


Surendra and Graves’ Monte Carlo simulation of 
ion energies in a capacitively coupled parallel-plate 
electrode system (fig. 56 [141]) shows how fre- 
quency affects ion energy distributions in helium 
glow discharges. Regardless of the plasma fre- 
quency selected for the deposition process, both 
the electron energy and energy density of the glow 
discharge are dependent on the gas composition, 
pressure, and system configuration. 

2.2.4 Modeling PECVD Processes Modeling 
of PECVD processes has been very limited because 
of the complexity of and lack of detailed knowledge 
concerning the plasma environment. The PECVD 
processes can be broken down into the same steps 
as CVD processes: 


¢ formation of the reactive gas mixture, 

¢ diffusion of the reactants to the substrate, 

¢ adsorption-reaction on the substrate, and 

¢ desorption-diffusion away from the substrate 
of the products of the deposition process. 


Each step in the process is skewed by the pres- 
ence of the plasma environment. Thus, PECVD 
analysts concentrate on developing models which 
allow one to understand how the plasma properties 
of the electron energy distribution function, elec- 
tron densities, ion energy distribution, and ion flux 
are affected by process parameters. Process 
parameters of concern are pressure, RF power, 
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Figure 56. Effect of frequency on ion energy distributions at the 
electrode in a 250 mtorr, 4 cm thick helium glow discharge (af- 
ter Surendra and Graves, Ref. [14], reprinted with permission of 
the American Institute of Physics). 


plasma frequency, substrate bias voltage, chemical 
composition of the precursor gases, gas flow rates, 
magnetic field strengths, electric field strength, and 
geometry of the plasma system. Some modeling 
studies address specific regions such as the plasma 
sheath [134,144,145] or the plasma-substrate inter- 
face [89,122,143,146,147]. Gas phase chemistries at 
different locations relative to electrodes within the 
plasma environment [142] are different. Thus, the 
gas phase chemistry in the plasma is quite different 
from that in the sheath. Economou et al. [134] de- 
veloped a simplified time average model of the 
plasma sheath for RF plasmas, applicable to >10 
MHz plasmas, with average ion energies. The 
model shows that ion flux increases as reactor pres- 
sures are lowered. The higher the RF power levels, 
the higher the rate of increase in ion flux with de- 
creasing coater reactor pressures. The model also 
shows a nearly linear relationship between the ion 
bombardment energy and the ratio E/p, where E is 
the electric field and p is the deposition reactor 
chamber pressure. 

Some modeling studies examine the influence of 
magnetic fields [131,148,149] on plasma properties. 
These models show that applied magnetic fields af- 
fect the spatial distribution of reactive gas phase 
species and the transport properties of the gases. 
Other models show the influence of plasma fre- 
quencies [119,120,122,135,141]. These models show 
that the ion current and plasma density are roughly 
proportional to w’. The sheath thickness scales ap- 


proximately with 1/w°*’, 


3. Implementing CVD AND PECVD 


Processes 


CVD and PECVD system designs are continu- 
ally changing. Commercial custom systems for 
electronics, tribology, and decorative coating appli- 
cations are available. Most research and develop- 
ment groups build their’ own systems or buy 
hardware which can be modified to meet their 
needs. 


3.1 CVD Systems 


The spectrum of CVD system designs represents 
different responses to the need to improve control 
of the deposition environment for a specific deposi- 
tion requirement. CVD deposition systems fit into 
the broad categories of hot wall CVD or cold wall 
CVD based on the method used to heat the sub- 
strate. Most modifications of the equipment used 
for either hot wall or cold wall depositions are ef- 
forts to 


* improve the uniformity of the gas flow over the 
substrate, 

* control the gas flows in the system, or 

* increase the size or quantity of parts to be 
coated. 


In hot wall CVD reactors, substrates are im- 
mersed in an externally heated reactive gas mix- 
ture. These substrates are supported in an 
isothermal region within the deposition chamber 
where temperatures and gas flows can be approxi- 
mated and controlled. Both horizontal and vertical 
deposition chambers are common. Gas pressures 
used for these CVD processes are typically 2 to 760 
Torr. Examples of hot wall CVD deposition sys- 
tems are shown in figure 57. A variant of the hot 
wall system is the heated fluidized bed of particles 
[150] (fig. 58). The substrate in these processes can 
be the particles of the fluidized bed or a material 
suspended within the fluidized particles. 

Cold wall CVD reactors were developed to re- 
duce the time during which reactive gases are in 
contact with a heated substrate and the quantity of 
gas that is heated to deposition temperatures. 
These factors reduce the quantity of particulate 


that can form and be encapsulated into the growing 


deposit. Typical cold wall CVD reactors are shown 
in figure 59. A common way to heat the substrate 
in cold wall CVD is by induction coupling the sub- 
strate to an RF power supply. This allows for rapid 
heating and cooling of the substrate and thus 
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Figure 57. Typical hot wall CVD reactors used for (a) wafer 
processing and (b) tribology applications. 
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Figure 58. Hot wall, fluidized particle bed CVD reactor (after 
Bokros, reprinted from Ref. [150], with permission from Perga- 
mon Press Ltd., Headington Hill Hall, Oxford OX3 OBW, UK). 
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minimizes deposition of undesirable morphologies 
and compositions at intermediate temperatures 
during substrate heating to reach processing tem- 
peratures. Another application of cold wall CVD 
reactors is in CVI of composite materials. For opti- 
mum densification by infiltration it is desirable to 
use both a thermal gradient and a pressure gradi- 
ent in CVI processing whenever possible [29]. Ex- 
amples of CVI systems for pressure gradient and 
pressure gradient plus thermal gradient operation 
are shown in figure 60. 
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Figure 59. Typical cold wall CVD reactors used for (a) liquid precursor reactant, (b) in situ reactant gas 
formation, and (c) horizontal displacement flow experiments. 


Newer systems utilizing low pressure chemical 
vapor deposition (LPCVD) are designed to im- 
prove film uniformity and lower impurity contents 
by reducing pressures to <1 Torr to minimize 
asymmetric thermal gradients and gas flow patterns 
[91]. 


3.2 PECVD Systems 


Glow discharges used in PECVD processes in- 
clude DC, RF, and microwave plasmas. PECVD 
systems are designed around the plasma to be used 
in the deposition process. The normal operating 
pressures for PECVD processes are dictated by the 
requirements for the maintenance of plasmas in 
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these systems. DC plasmas operate in a narrow 
pressure regime for deposition of noninsulating 
materials. Their use is thus limited and they are 
not normally chosen for PECVD systems. Two 
types of PECVD systems are being built. RF- 
PECVD systems are those which use moderate fre- 
quency RF power supplies. Microwave-PECVD 
systems are those which use microwave power sup- 
plies. Federal regulations currently authorize 
13.56, 27.12, 40.68, 915, and 2450 MHz frequencies 
for non-broadcast usage. The availability of rela- 
tively inexpensive power supplies which comply 
with these regulations, 13.56 and 2450 MHz, makes 
these the choice for most RF and microwave 
PECVD processes in the United States. However, 
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Figure 60. Apparatus used for (a) pressure gradient CVI and 
(b) pressure gradient and thermal gradient CVI studies. 


as figure 61 shows, the optimum frequency for 
PECVD processing is not necessarily one of these 
authorized frequencies nor the highest frequency 
[119]. 

3.2.1 RF-PECVD Most of the developments 
in RF-PECVD systems have come from the com- 
mercialization of these processes for the electron- 
ics industry. Early emphasis on maximizing the 
quantity of wafers processed has given way to the 
greater need for contamination control and step 
coverage uniformity. To meet these needs vertical 
deposition systems with the substrates between 
parallel plate electrodes have replaced many of the 
early hot wall barrel systems. Examples of RF- 
PECVD systems are shown in figure 62. A variant 
of RF-PECVD systems is remote-PECVD systems 
in which the substrate is isolated from the plasma 
where the reactive gas mixture is formed. The 
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Figure 61. Effect of frequency and total gas pressure on the 
PECVD growth rate of polymer thin films (after Moisan et al., 
Ref. [119]). 


purpose of this isolation is to avoid the high energy 
ion impingement on the deposit. This minimizes 
encapsulation of contaminants, stresses, disordered 
microstructures, and metastable phases in the 
newly formed deposit. A disadvantage of these pro- 
cesses is the low deposition rates [57,151], which 
are nearly an order of magnitude lower than those 
in traditional PECVD processes. 

3.2.2 Microwave PECVD Many recent PECVD 
experimental studies use electron cyclotron reso- 
nance (ECR) microwave systems. Deposition sys- 
tems which use microwave frequencies differ from 
RF systems in the manner by which they transmit 
power from the oscillator to the deposition cham- 
ber (applicator-plasma load region). The transmis- 
sion line can be a coaxial cable or a waveguide. 
Both microwave and cavity applicators are used 
with mirror and cusp geometry magnetic fields (fig. 
63) [128]. The magnetic mirror fields have also 
been used for DC and AC plasmas by Varga [201] 
(fig. 63) to deposit diamond-like carbon (DLC). 
Common forms of those microwave deposition sys- 
tems, some which use applicators, are shown in fig- 
ure 64. 

Designs of ECR-PECVD systems are more com- 
plex and less well developed than those of CVD 
and RF-PECVD systems. The potential exists for 
greater control of the plasma environment in ECR- 
PECVD systems than in RF-PECVD systems. The 
electroless ECR plasma allows separation of the 
power input to the plasma from that of substrate 
biasing. This decoupling permits separate control 
of ion energies. It also allows broader control of 
the plasma density through adjustments in pressure 
and magnetic field strengths than is achievable 
with RF-PECVD systems. In spite of these poten- 
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Figure 62. Typical RF-PECVD reactors used for (a) separate substrate bias studies, (b) remote plasma experiments, and (c) large 
diameter silicon wafer epitaxial thin film formation (after Matsuoka and Ono, Ref. [128]). 


tials it has been difficult to reproducibly tie deposit 
properties to process parameters. The primary rea- 
son is the difficulty in obtaining a uniform plasma 
environment for the substrate that does not change 
with modest changes in process parameters and is 
flexible enough to be of practical use in commercial 
applications. ECR conditions do not exist through- 
out the plasma region [152] and are spatially sensi- 
tive to pressure [128], substrate bias [123,125], 
magnetic field strength [128,152], and magnetic 
field geometry [202]. 
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3.2.3 Supporting Hardware In both CVD and 
PECVD systems gases are fed into the deposition 
chamber through a gas flow control panel. When 
liquid reactants are used in the deposition process, 
they are normally placed in a bubbler and trans- 
ported to the reaction chamber with a carrier gas. 
This sometimes requires a separate temperature 
control system for the bubbler and gas lines to the 
deposition chamber. Gas flow and exhaust systems 
used for PECVD processes are the same as those 
used in CVD depositions operating at equivalent 
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Figure 63. Electromagnetic coil current arrangements for (a) mirror, (b) cusp field applicators, and (c) 
the effect of a magnetic mirror field on a 50 Hz glow discharge used for diamond-like-carbon formation 
(after Varga, Ref. [20], reprinted with permission of the American Institute of Physics). 


pressures. The purity of gases used in the deposi- 
tion processes impacts both the purity of the de- 
posit and the formation of unwanted gas phase 
particulates. Where high purity particulate free 
gases are essential, such as in wafer manufacture, 
the gas delivery hardware can be as important as 
gas purity [203]. Gas delivery systems for ultra- 
clean operation must have straight tubing, bake- 
able valves, and filtration to remove both water and 
particles. 

Systems that operate only at atmospheric pres- 
sures are usually easier to build and operate but 
lack the flexibility for microstructure, chemistry, 
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and property control that reduced pressure deposi- 
tions offer. The sophistication of exhaust systems 
for reduced pressure depositions depends on the 
targeted properties of the materials to be de- 
posited. For some processes, roughing pumps with 
suitable gas scrubbing systems are sufficient. For 
others, roots pumps or even high vacuum, cryo- 
genic, or oil-less turbomolecular pumps are 
needed. 

Auxiliary equipment needed for controlling the 
plasmas and in situ diagnostics in both CVD and 
PECVD processes is dictated by which process 
parameters are crucial to the formation of the de- 
sired deposit. 
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Figure 64. Typical microwave-PECVD systems with (a) a cavity multicusp ECR applicator (after Asmussen [204] and Buckle et al. 
[205]), (b) axial mirror magneto-ECR applicator (after Ma et al. [206]), and (c) no magnetic field applicator (after Glass et al. [207]). 
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3.3 Substrate Preparation 


Substrate preparation is important to the nucle- 
ation of new growth, deposit uniformity, morphol- 
ogy, and substrate-deposit adhesion. In both CVD 
and PECVD processes surface imperfections, dirt 
particles, and foreign atoms can be nucleation sites 
for new deposit growth. Thus, pretreatment of the 
surfaces involves minimizing surface contamination 
by mechanical and chemical means before mount- 
ing the substrate in the deposition reactor. Sub- 
strates must be cleaned just prior to deposition to 
minimize adsorption of contaminants from room 
air. For some applications this means clean-room 
handling of substrates. 

The deposition reactor chamber must be clean, 
leak-tight, and free from dust, moisture, and for- 
eign contaminants. Once deposition begins, surface 
cleanliness is usually maintained in CVD processes 
by the gas-substrate chemical reactions at substrate 
temperatures. Deposition and sputter removal of 
contaminants occur simultaneously in PECVD 
processes. This continually removes physically ad- 
sorbed contaminants but does not control particu- 
late encapsulation. Particulates can form from 
contaminants in the precursor gases or as a result 
of selecting the wrong processes. Dust in the reac- 
tor chamber, precursor gas purity, and process 
parameters must be controlled to control particu- 
late encapsulation in the deposit. 


3.4 Process Diagnostics 


Diagnostic tools used for in situ monitoring of 
CVD deposition processes include thermocouples, 
optical pyrometers, oxygen monitors, and moisture 
analyzers. Diagnostics used for PECVD processes 
include gas phase Langmuir current-voltage mea- 
surements, optical pyrometer and/or shielded ther- 
mocouple temperature monitoring, substrate bias 
measurements, current density measurements, and 
mass spectrometer examinations. The diagnostic 
tool chosen for each process depends on the criti- 
cal process parameters of the deposit to be made. 
Descriptions of some diagnostic tools are given in 
the following paragraphs. 

Temperature measurements in CVD systems are 
made with thermocouples whenever possible. 
When the substrate is heated inductively with an 
RF power supply, thermocouples must be electri- 
cally isolated from the substrate. Thermocouples 
can be used in PECVD processes if blocking capac- 
itors shield the substrate and thermocouples from 
the effects of RF leakage. Surface currents make 
13.56 MHz frequencies more difficult to shield 
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against than the <500 KHz frequencies used in RF 
inductive heating. Thermocouples must also be iso- 
lated from the reactive gas mixtures, or alternative 
means of in situ monitoring temperatures must be 
used. 

Optical pyrometers are used for high tempera- 
tures (> 1400 °C) when either thermocouples react 
with other materials used in the CVD process or 
temperatures are above thermocouple operating 
temperatures. Fourier transform infrared spec- 
troscopy (FTIR) rotational temperature measure- 
ments are another temperature monitoring option 
[90]. 

Plasma properties must be monitored in PECVD 
processes. A device commonly used for these mea- 
surements is the Langmuir probe. The probe con- 
sists of one or two fine wires that are floated 
electrically with respect to ground. Electron tem- 
perature, plasma density, electron distribution 
function, and ion distribution functions are mea- 
sured with these probes. Langmuir probe measure- 
ments are affected by the plasmas being studied, 
the probe geometry, the probe location, and the 
materials being deposited [153-157]. 

The quadrupole mass spectrometer (QMS) is an- 
other common diagnostic tool for PECVD pro- 
cesses [158-163]. This instrument ionizes the 
system gas by electron impact and resolves the 
masses of the resulting ions. Atoms can be recog- 
nized by their characteristic parent and daughter 
fragmentation peaks. In principle, ions can be ex- 
tracted with a tube directly from a plasma, skipping 
the normal ionization step [161,162,164]. However, 
this may not give an accurate picture of the gaseous 
species within the plasma. Problems encountered 
in localized mass spectrometer sampling are inher- 
ent in any probe inserted into the plasma. The typi- 
cal QMS operates at lower pressures than most 
deposition pressures, so sample extraction must re- 
move atoms, ions, free radicals, or molecules from 
the deposition chamber for analysis in the QMS 
system. Inserting a tube into a plasma to sample its 
contents perturbs it and alters the local volume 
chemistry in the vicinity of the probe. Temporal, 
temperature dependent, frequency dependent 
sheaths form adjacent to the sampling tube in an 
RF plasma which attract or repel ions in the 
plasma [145]. In either case, the accuracy of the 
measurement is compromised. Thus, extraction 
and examination of process gases are normally 
done away from the plasma in the effluent gases. A 
disadvantage of this technique is the loss of short- 
lived metastable intermediates of the deposition 
process. 


Optical emission spectroscopy (OES) analyzes 
light emitted from the plasma to identify ions and 
atoms [151,165-167]. FTIR analyzes infrared emis- 
sion from the plasma to detect molecules and 
molecular fragments in the plasma environment 
[168]. Laser induced fluorescence (LIF) is used to 
determine the rotational, vibrational, or electronic 
state of a molecule or atom [169-171]. Raman 
spectroscopy can be used to measure reactant spe- 
cies concentrations and electron temperature 
[169]. All of these nonintrusive techniques require 
windows which minimize attenuation and distor- 
tion of optical or infrared transmission. One side of 
these windows must be in the deposition chamber. 
The windows must be kept clean, which is often 
difficult to do since walls and windows become 
coated during the deposition process. 


4. Process Comparisons 


The gas phase chemistry in PECVD processes 
depends on the composition of the active gas spe- 
cies and their collision frequency. It is thus depen- 
dent not only on the gas pressure, gas temperature, 
and gas composition as in CVD processes, but also 
on the electric field strength, the presence or ab- 
sence of magnetic fields, and, in the case of RF 
plasmas, the plasma frequency. 


4.1 Deposition Rates 


Deposition rates are sometimes different and 
sometimes nearly the same for CVD and PECVD 
processes. One rarely uses comparable deposition 
temperatures to deposit the same materials by 
CVD and PECVD processes. While it is common 
to discuss CVD rates in terms of temperature, this 
is not always meaningful with PECVD processes. 
More appropriate for PECVD rates are the elec- 
tron densities and electron energy distributions 
within the plasmas. By keeping the plasma proper- 
ties constant and examining deposition rates as a 
function of temperature with and without a plasma, 
Comfort and Reif [92] were able to compare the 
two processes. Arrhenius plots of their results (fig. 
65) which compare the deposition rates for silicon 
on silicon versus temperature, with and without a 
plasma, show the activation energies for the two 
processes to be comparable. The curves show that 
while deposition by PECVD processes begins at 
lower temperatures, the deposition rates at these 
lower temperatures are correspondingly lower. The 
step difference in the rate of deposition for 
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PECVD silicon over CVD silicon at any tempera- 
ture is due to the plasma enhancement. The loca- 
tion of the substrate relative to the plasma must 
also be considered. The deposition rates in remote 
plasma RF and ECR processes are normally slower 
than in conventional CVD and PECVD where the 
substrates are not in the plasmas. The deposition 
rates and the properties are thus only indirectly re- 
lated to the plasma properties. 

Deposition rates not only provide information 
about activation energies but indirect gas phase 
chemistry information. An example is the compari- 
son of helium and argon dilution in the deposition 
of SisN, from NH; and SiH, plus He or Ar by a 
remote plasma process. According to Tsu and 
Lucovsky, Ar is more effective than He in causing 
the incorporation of SiH in the growing deposit 
and causes the difference in deposition rates for 
processes which use He or Ar as a diluent [174]. 

The diluent used in the deposition process not 
only affects the deposition rates but also affects the 
properties of the deposit. Claassen et al. showed 
(fig. 66) that the refractive indexes of SisN, de- 
posits made by RF-PECVD processes are strongly 
dependent on whether the diluent is Ar, H2, or N2 
(137): 


4.2 Microstructure 


Morphologies of deposits depend on whether the 
reactions to form the deposits occur in the gas 
phase or on the substrate. Morphologies are also 
influenced by which step in the deposition process 
is rate controlling. The rate controlling step is de- 
pendent on the gas velocity, pressure, and temper- 
ature of the deposition process. 

The microstructures of deposits formed by both 
CVD and PECVD processes depend upon: 


* chemical makeup and energy of atoms, ions, or 
molecular fragments impinging on the sub- 
Strate, 

¢ chemical composition and surface properties of 
the substrate, 

* substrate temperature, and 

* presence or absence of a substrate bias voltage. 


These factors determine whether adsorption, sput- 
ter removal of substrate atoms, or implantation of 
impinging gas phase species occurs. 

Molecules and atoms impinging on the substrate 
react in several ways. Nonlocalized physical ad- 
sorption can occur where adatoms or molecules are 
stable at every point on the substrate. Molecules 
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Figure 65. Arrhenius plots comparing growth rates of CVD and RF-PECVD silicon as a function of 1/T 


(after Comfort and Reif, Ref. [92]). 


and atoms thus adsorbed are free to move about 
the surface very much like a two-dimensional gas. 
Nonlocalized adsorption provides high surface mo- 
bility for impinging atoms. Impinging atoms may 
chemisorb in localized areas where adatoms or 
molecules occupy fixed minimum potential sites. 
While this restricts movement of the adsorbed spe- 
cies, it does not prevent it. Movement of the 
chemisorbed species is possible by site jumping 
but this movement is normally very limited. 
Chemisorbed atoms form nucleation sites where 
further chemisorption and growth of clusters can 
occur. Growth can be by island formation in nonlo- 
calized adsorption when mobile condensing 
adatoms react with one another and are more 
strongly bound to each other than to the substrate. 
Chemical composition and substrate temperature 
play a strong role in the relative amounts of local- 
ized and nonlocalized adatoms in the deposition 
process. Both types of adsorption are normal dur- 
ing the deposition process. Low temperatures favor 
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nonlocalized physical adsorption and high nucle- 
ation rates. Higher temperatures favor chemisorp- 
tion and lower nucleation rates. At these higher 
temperatures physical adsorption with weak van 
der Waals forces limits both the quantity of 
adatoms and their dwell time on the surface. Thus, 
random polycrystalline deposits are formed at low 
temperatures and large crystals and epitaxial 
growth are favored at elevated temperatures. The 
effect of temperature on the morphology can be 
clearly seen in CVD SiC deposits (fig. 67). Similar 
microstructural changes with substrate tempera- 
ture can be expected in PECVD deposits [189]. 
As previously mentioned, formation of the reac- 
tive gas mixture is not the only reaction occurring 
in the gas above the substrate. Nucleation and ag- 
glomeration of macromolecules can lead to growth 
of particles in the gas phase. Particle formation is 
favored by high collision frequencies among gas 
phase species and the long total time agglomerated 
molecules are in contact with reactive gases at ele- 
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Figure 66. Effect of diluent gas composition on the refractive 
indexes of Si3N4 deposits formed from SiH,-NH3-diluent gas 
mixtures (after Claassen et al., Ref. [137]). 
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Figure 67. Morphology-process relationships in CVD SiC [177]. 
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vated temperatures where deposition can occur. 
Thus, high pressures and long contact times be- 
tween the flowing gases and the heated substrate 
or wall of the deposition reactor promote gas phase 
nucleation and particle growth. Incorporation of 
both macromolecules and particulates in the de- 
posit affects the microstructure of the deposit. 

Examples of the influence of gas phase nucle- 
ation on the microstructure of CVD deposits can 
be seen from an examination of morphology 
changes in CVD carbon deposition. In isothermal, 
fixed substrate carbon deposition from hydrocar- 
bons, gas phase nucleation generally results in the 
deposition of powder and dust. When process con- 
ditions are adjusted in such a manner that deposit 
growth on the substrate occurs, anisotropic carbon 
is formed. 

When carbon is deposited in a bed of fluidized 
particles, gas phase collisions of macromolecules 
with the substrate occur as well as collisions be- 
tween atoms and molecules. One is thus able to 
control the size of macromolecules and particulate 
that are formed in the gas phase by controlling the 
fluidized bed area, the hydrocarbon concentration, 
and the temperature. Deposits which result from 
this control of gas phase nucleation and growth can 
then vary in their apparent microstructure from an- 
isotropic to isotropic [150]. 

Increasing deposition temperature not only 
changes the grain structure in CVD deposits but 
also allows preferred orientations of growing crys- 
tals to form. Large crystal growth is due to the 
lower probability of atoms adsorbing on non-lattice 
sites and the increased mobility of chemisorbed 
atoms at elevated temperatures. These microstruc- 
ture changes are readily seen in diamond [175], sili- 
con nitride [176], and silicon carbide [177,178] 
deposits. 


4.3 Chemical Composition and Impurity Content 


Chemical composition in both CVD and PECVD 
processes is controlled by the precursor gases and 
the deposition process parameters. In CVD pro- 
cesses, the substrate temperature and the tempera- 
ture of gases in the immediate vicinity of the 
substrate control the gas phase chemistry and dic- 
tate the chemical composition of the deposit. In 
PECVD processes, one must not only control the 
gas composition and substrate temperature but 
also the plasma parameters to control the chemical 
composition of the deposit. In both processes un- 
wanted products of the deposition process can be- 
come encapsulated in the deposit. The quantity of 


this contamination is dependent on the choice of 
precursor gases used in the deposition process 
[173,174,179-181]. An example of this can be seen 
from the effect of H2/WF, ratio on the fluorine 
content of CVD tungsten (fig. 68). The quantity of 
contaminant in the deposit, for most of these depo- 
sition processes, is inversely proportional to the 
substrate temperature. 
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Figure 68. Effect of the ratio H2/WF, on the fluorine content of 
CVD tungsten [38]. 
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The ion current generated in a plasma differs for 
each gaseous species with pressure and with power 
into the plasma (fig. 69) [182]. Thus, in PECVD 
processes the power input to the plasma can have a 
direct influence on the gas phase chemistry [183] 
and hence the chemical composition of the deposit. 
In ECR-PECVD processes the presence of a bias 
voltage not only altered the Si/N ratio [184] in de- 
posits made from SiHg, but also the quantity of ad- 
sorbed hydrogen. 


4.4 Stresses in Deposits 


Intrinsic stresses in deposits can originate from 
differences in coefficients of thermal expansion be- 
tween the substrate and deposit. Coefficients of 
thermal expansion must always be considered when 
depositing a coating. According to Powell [185], if 
the elastic modulus of the deposit is approximately 
equal to the elastic modulus of the substrate, 
Ea~E,, and if the thickness of the deposit is much 
less than that of the substrate, then stress in the 
deposit is 

da EgAT(as — aa), (4) 
where a, and ay are the coefficients of thermal ex- 
pansion in the substrate and deposit, respectively, 
and AT is the temperature change from the deposi- 
tion temperature. A positive sign indicates tensile 
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Figure 69. Effect of gas composition, gas pressure, and microwave power on the ion current in microwave ECR plasmas (after Hu 
et al., Ref. [182], reprinted with permission of The Electrochemical Society). 
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stress, a negative stress indicates compressive 
stress. Intrinsic stress is a stress which develops in 
all deposits in which the substrate is of a different 
material or different crystal structure than the de- 
posit. The magnitude of these stresses can be espe- 
cially large in CVD deposits where the deposition 
temperatures are high. An example is the 920 MPa 
compressive stress in Ti(C,N) films deposited on 
high-speed steel by a CVD process [186]. 

The source of intrinsic stresses can determine 
whether they are compressive or tensile. Intrinsic 
stresses develop from 


* encapsulation of foreign atoms into the deposit 
[181,187-191], 

¢ formation of disordered structures [181,187, 
192-194], 

¢ deposition of metastable phases [195], 

¢ surface tension effects [185,191,196], 

¢ the melting points of the deposit [197], and 

¢ the molecular weights of the deposit and im- 
pinging ions on the substrate [198]. 


A common contaminant in CVD and LPCVD 
films is chlorine. Intrinsic compressive stresses in 
both SiOz and SiO,N, films were found to increase 
as the chlorine contents of the deposits increased 
[199]. PECVD processes are especially prone to 
the development of intrinsic stresses in the as- 
deposited films due to substrate biasing and encap- 
sulation of contaminants. The low deposition tem- 
peratures used in PECVD processes generally 
increase the amount of encapsulated contaminant 
plus substrate biasing causes encapsulation of 
cations of both reactant gases and precursor dilu- 
ents such as hydrogen and argon. Again, the result 
of these encapsulations is increased intrinsic com- 
pressive stresses in the deposit. Volume strain en- 
ergy produced during the formation of grain 
boundaries in polycrystalline film formation and 
growth is another source of intrinsic compressive 
stress in vapor deposited films [196]. 


5. Technology Gaps 


CVD and PECVD applications are expanding 
both in number and sophistication. The U.S. mar- 
ket in 1988 for CVD applications, as seen in Table 
12, was 1.2 billion dollars [209]. Of that, 77.6% was 
for electronics applications. The annual growth of 
these vapor deposition markets is expected to 
range from 10-25% depending upon the applica- 
tion. The dominant expenditures for CVD and 
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Table 12. United States CVD Market 


APPLICATION 1988 (MILLIONS) 1993 (PROJECTED, 
IN MILLIONS) 
Chemical 12 19 
Photovoltaic 17 34 
Optoelectronics 42 140 
Optical 55 167 
Structural 145 233 
Electronics 940 2330 


PECVD applications will continue to be in elec- 
tronic applications. Annual expenditures for CVD 
and PECVD electronics applications are tied 
mostly to semiconductor sales. As Table 13 shows, 
United States semiconductor sales between 1988 
and the forecasted end of 1993 will change from 
13.42 to 20.42 billion [210]. It is not surprising that 
the major advances in CVD and PECVD technolo- 
gies have come from developments for electronics 
applications. This trend is expected to continue. 
Recent developments in vapor deposition pro- 
cesses for composite materials, tribological applica- 
tions, high temperature materials, optical films, 
and erosion protection, mirror past developments 
of the electronics industry. It is thus reasonable to 
assume that a significant amount of the processing 
information gained from electronic material devel- 
opments can be used to guide developments for 
other CVD and PECVD applications. 

Implementation of CVD and PECVD processing 
solutions to solve materials problems is forecasted 
to continue into the foreseeable future. Each new 
application of these vapor deposition technologies 
is expected to have its own development history. 
The degree of sophistication for each process de- 
velopment will depend on the demands of the final 
product. The reasons vapor deposition processes 
are chosen for most new applications are for the 
specialized property requirements of the final ma- 
terials or the cost constrains for producing them. 
Examples of applications in which CVD and 
PECVD processing is being used, immediate con- 
cerns, and processing solutions are shown in Table 
14. The diversity of vapor deposition processing so- 
lutions in these few examples shows one must ulti- 
mately tailor the fabrication method to the 
targeted properties of the final product. There is 
no universal CVD or PECVD research hardware, 
or production facility that solves all problems. 
However, with detailed end product goals, vapor 
deposition processing recommendations can be 
made to small organizations that should solve most 
of their current and immediate future needs. 
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Table 13. Semiconductor sales and trends 


REGION 1988 1989 1990 1991 1992 1993 
(forecast) 
World wide 44.95 48.76 50.52 54.61 58.22 66.60 
USA 13.42 14.83 14.45 15.38 17.60 20.42 
Japan 18.11 19.15 19.56 29.94 19.90 21.78 
Europe 8.05 8.94 9.60 10.11 10.63 11.67 
Rest of world 5:37 5.85 6.91 8.18 10.06 12.73 


While most technology gaps are application 
specific, there are those which are common to 
many CVD and PECVD applications. Listed in the 
paragraphs that follow are some of these general- 
ized technology gaps. 


5.1 Process Planning Through CVD and PECVD 
Modeling 


CVD and PECVD processing are well known 
and are commercial realities for only a few materi- 
als and applications. Start up costs for new applica- 
tions of CVD or PECVD technologies can be very 
expensive. There is a continuing need to minimize 
these start up costs. One way to reduce commer- 
cialization costs for new materials and applications 
is to develop models based on theoretical and ex- 
perimental data which can be used to optimize the 
design of production vapor deposition systems be- 
fore investments are made in their construction. 
Formation of the reactant gas mixture and mass 
transport of the reactant gases to the substrate are 
both dependent on CVD or PECVD system design 
and the targeted process parameters. Since each of 
these process steps influences the microstructure, 
composition, and properties of the deposit, they 
must be known and controlled. The more complex 
the process the more urgent is the need for model- 
ing. Dynamic models show and experiments verify 
the complexity of the flow patterns and tempera- 
ture profiles in both CVD and PECVD processes. 
While there is more experimental information rela- 
tive to the development of CVD hardware than of 
PECVD hardware, the need to improve the repro- 
ducibility for both processes through system design 
optimization still exists. 

Two vapor deposition process planning steps are 
aided by CVD and PECVD modeling. First process 
operating limits can be determined from thermody- 
namic and kinetic modeling. These calculations, to- 
gether with available experimental data, should 
provide information about pressures, tempera- 
tures, precursor concentrations, plasma parameters 
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and times needed to form the targeted material. 
Hardware configurations needed to provide the 
predetermined deposition environment can then be 
evaluated from fluid dynamic and plasma profile 
models. These models should provide information 
about gas flow patterns, allowable gas flows, tem- 
perature profiles, permissible time-temperature 
histories, plasma uniformity, and plasma parameter 
limits. 

The data base used in thermodynamic and ki- 
netic calculations is inadequate to permit reliable 
processing decisions for most CVD and PECVD 
applications. More comprehensive, updated data 
bases are needed to improve the reliability of ther- 
modynamic and kinetic predictions. Improvements 
in predicting which process parameters will control 
the kinetics of the processes for most CVD and 
PECVD applications are needed through both ex- 
perimental and theoretical studies. 

The need exists to develop new ways of measur- 
ing the kinetics of vapor deposition processes. 
Modeling of kinetic processes, especially for 
plasma processes, are not as advanced as thermo- 
dynamic modeling. It is difficult to monitor the ki- 
netics of vapor deposition processes experimentally 
and thus hard to verify kinetic model predictions 
with experimental results. 


5.2 In-situ Process Monitoring 


Where material properties are the prime con- 
cern of the vapor deposition application, trends in 
process development have been toward lower pro- 
cessing temperatures, lower reaction chamber pres- 
sures, better control of contaminants in the 
deposition reactor, and improved in-situ diagnos- 
tics to control the deposition process. For most 
new applications of CVD and PECVD technolo- 
gies, it is imperative that one controls the nucle- 
ation, chemistry, microstructure, and growth rate 
of the deposit. In spite of past developments, depo- 
sition conditions for most CVD and PECVD pro- 
cesses are quite variable with processing time and 


Table 14. Examples of current and forecasted CVD and PECVD development trends 


APPLICATION CURRENT DEVELOPMENT PROCESSING SOLUTIONS, 
CONCERNS (PARTIAL LIST) (CURRENT OR FUTURE 
FORECASTED) 
Semiconductor Step coverage. LPCVD, ECR-PECVD 
wafers Particle contaminations. processes. 
Uniformity of properties. Ultra-clean facilities, cluster 
Minimum feature size. deposition systems 
Trench filling. Single wafer processing. 
Cluster deposition systems. 
In-situ monitoring of process 
parameters and contamination. 
PECVD, TEOS based precursors. 
Tribology Adhesion and compatibility, Intermediate coating materials. 


Corrosion barrier 
coatings 


Diamond films 


Composite materials 


Optical films 


High T, materials 


coating to substrate. 


CTE match, coating to substrate. 


Friction, coating to work piece. 
Al2Os, TiN, TiC, coatings for 
AISI403 SS erosion/corrosion 
protection 

Low cost Ti-based and silicide 
coatings for copper tubing. 
Nucleation uniformity. 


Graphite inclusions. 


Adhesion to substrates. 
Infiltration of matrix materials. 
Matrix/fiber interface 
compatibility. 

Oxidation resistance. 

Precise thickness control. 
Color control in ZnS infrared 
windows. 

Multicomponent codeposition. 


Low contamination, controlled 
microstructure. 


Functionally graded hard 
coatings. 


Outer layer materials. 


PECVD multilayers. 


Fluidized mixed powders of 
Ti or Si with CuCl,, H2, and 
HCl. 


Mechanical abrasion, electron 
or ion beam processing. 


Precursors containing oxygen 
or a halide. 


Interface materials. 


Thermal and/or pressure 
gradient processing. 


Filament coatings. 


Filament or composite coatings. 


In-situ monitoring of LPCVD 
processes. 


High temperature, high H2S/Zn 
molar ratio. 


B-diketonate chelate precursors. 


LPCVD processing. 


SS 
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Table 14. Examples of current and forecasted CVD and PECVD development trends — Continued 
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APPLICATION 


CURRENT DEVELOPMENT 
CONCERNS (PARTIAL LIST) 


PROCESSING SOLUTIONS, 
(CURRENT OR FUTURE 
FORECASTED) 


eee 


In-core thermionic 
emitters 


CdTe photovoltaic 
films 


Amorphous Si:H 
photovoltaics 


Fusion first wall 
materials 


High temperature 


Fast neutron tolerance. 


High work function surface. 
Deposition temperature. 


Thickness uniformity, 
stoichiometry, pinholes, 


porosity. 


Large area, uniformity, 
composition. 


Light induced degradation. 


Damage tolerance to high 


energy plasma particle impacts. 


Stability to thermal neutron 


Low F; content tungsten from 
WF,. 


[110] Tungsten from WCI,. 
MOCVD 400 °C. 


CVD from vaporization of 
precursors at 700 °C. 


PECVD processing. 


a-SiC:H interlayer deposition. 


TiC or SiC coated graphite 
tiles. 


Isotropic, fluidized bed CVD C. 


gas cooled reactor 
fuel coatings 


damage. 


Fission product retention. 


Fuel swelling tolerance. 


Medical products 


Hardness, wear resistance, 


(teeth). 


Thromboresistance, (heart 


valves). 


Wear resistance, (heart valves). 


Biocompatibility, (teeth). 


location along the substrate-gas interface. Even on 
a macroscopic scale, the properties of thick film 
deposits can be quite different from point to point 
on the substrate. Reproducible CVD or PECVD 
processing can be achieved only if one knows the 
temperature, pressure, and gas composition in the 
near region of the precursor gas-substrate interface 
and can control the parameters critical to the de- 
position process. In CVD processing this means in- 
situ. monitoring and controlling temperatures, 
precursor gas composition, deposition chamber 
pressure, and flow dynamics during the deposition 
process. For PECVD processes one must not only 
monitor and control temperatures, precursor gases, 
and deposition chamber pressures, but also the 
plasma properties of electron density, electron en- 
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Isotropic C, SiC. 


Porous C fuel/coating. 
Interface layer. 


Fluidized bed CVD C, C-Si 
alloys. 


TiN coated Co, Nb, Ti, Co 
alloys. 


C, C-Si alloys. 


TiO2z, TiN multilayers on Ti. 


ergy distribution, plasma frequency, and the mean 
free path for electron-neutral collisions. 

New in-situ diagnostic techniques are needed to 
monitor process parameters during CVD and 
PECVD processing. The challenge is to determine 
temperature plasma properties and gas flow pro- 
files at the gas-substrate interface and to develop 
in-situ diagnostics to monitor gas phase and sub- 
strate-gas phase reactions. Different materials and 
processes will require different solutions to in-situ 
diagnostics and process control. Control of plasma 
properties at the plasma-substrate interface in 
most PECVD processes is especially difficult and 
remains as the main barrier to the commercializa- 
tion of ECR-PECVD processing. Some successes 
are being reported in these areas, especially 


through the use of newer plasma sources where 
control of plasma density is separated from control 
of ion impact energies, but more work is needed. 


5.3 Process Costs, Environmental Sensitivity 


There is a generalized need to improve product 
properties and lower processing costs. For most ap- 
plications this translates to lower deposition tem- 
peratures, improved deposition uniformity, better 
control of composition, reduced impurity contents, 
and higher production yields. These goals are being 
achieved for a few materials by reducing pressures 
in CVD processes and using organometallic in both 
CVD and PECVD processes to replace traditional 
halide precursors in the deposition processes. The 
replacement of traditional halide precursors with 
organometallic precursors lowers the temperature 
of the deposition processes and replaces these 
chemical hazards with materials that are less de- 
structive to the environment. This potentially low- 
ers costs by reducing the amount of waste removal 
hardware needed in the production process. Sev- 
eral problems must be addressed in a switch to 
organometallic precursors. These include the need 
to develop new organometallic materials with 
appropriate vapor pressures for use in vapor depo- 
sition processes and the need to minimize contami- 
nation of the of the deposit resulting from the 
decomposition and encapsulation of precursor 
fragments. 

Developments of new plasma sources are 
needed. Traditional RF plasmas have limited 
plasma densities and operating pressures. Mi- 
crowave plasma sources pose uncertain health haz- 
ards and require large magnets, microwave wave 
guides and complex field coils. Control of plasma 
properties and plasma uniformity over large area 
substrates is the goal of present day plasma source 
developments. Meeting these goals would not only 
improve the properties of the materials produced 
with these sources but would also lower processing 
costs. Work is being done on the development of 
helicon plasma sources, continuous, modulated, 
and distributed ECR’s, and inductively coupled 
discharges. No plasma source is best for all 
PECVD applications. Thus the need for new 
plasma sources is likely to continue. 


5.4 Automated CVD and PECVD Processing 


Minimizing contamination from the products of 
CVD and PECVD processing is an unending quest. 
In the semiconductor industry particle contamina- 
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tion is a major concern. The size of a particle con- 
taminant determines the minimum size of a wafer 
feature that is influenced by it. Particles > 10% of 
a feature size are normally a wafer killer. The max- 
imum allowable particle size of a contaminant in 
the year 2002 is projected to be 0.02 ym. Conven- 
tional sequential processing where wafers are hand 
carried from one process station to another cannot 
meet this particle size limit. Wafer transport, ge- 
ometry of the deposition chamber, gas flows, mov- 
ing parts above the substrate, gas turbulence, and 
vibration can all be sources of particle contamina- 
tion. To overcome this, cluster tooling has been de- 
veloped in which each processing step is done in a 
separate module. The modules are joined together 
to allow automated transfer between modules with- 
out removing the wafer from the system. CVD clus- 
ter systems are not cheap, costing about $1,000,000 
for a three module array. These systems have been 
in use since 1985 and have taken 2-3 years to de- 
velop. What is needed for the electronics industry 
is standardization of the cluster modules and the 
module interfaces. All aspects of cluster tooling are 
being upgraded and the targeted minimum particle 
contamination levels are possible with these sys- 
tems. 

It is likely that some form of cluster tooling will 
be appropriate and needed for other CVD and 
PECVD applications. Formation of deposits for 
photovoltaics, functionally graded materials, high 
T, superconductors, and nanostructure multicom- 
ponent materials are examples of applications 
which might benefit from cluster processing. 


6. Comments 


This chapter has discussed the variability one 
might expect to find in CVD and PECVD pro- 
cesses and in the properties of deposits that result 
from them. The intent of this effort was to direct 
readers to those processes which might be most ap- 
propriate for their needs. To aid in the understand- 
ing of CVD processes, thermodynamic, fluid 
dynamic, and kinetic model studies have paralleled 
experimental developments. While sometimes im- 
precise because of simplifying assumptions, these 
models have nevertheless provided insight into the 
control of the chemical composition, microstruc- 
ture, and properties of CVD deposits. 

Experimenters have examined alternative pro- 
cesses to reach the improvements sought in CVD 
deposits. One of these processes is PECVD. 
Achievement of these improvements by PECVD 


processes requires not only control of tempera- 
tures, pressures, gas composition, and gas flows but 
also improvements in the control of the plasma 
properties. Plasma properties of mean free path, 
collision frequency, electron energies, and electron 
energy distributions must all be controlled to con- 
trol ion energy distributions, density, and direction. 
These controls are being sought by optimization of 
plasma frequencies, utilization of magnetic fields, 
and development of models to guide the design of 
PECVD systems. 

While experimental trials can provide estimates 
of temperature profiles and gas velocity distribu- 
tions within CVD and PECVD systems, these con- 
ditions are everchanging with adjustments in 
temperatures, pressures, gas flows, and plasma 
properties. The most practical way of overcoming 
these uncertainties is to design the deposition sys- 
tem to operate under conditions which will mini- 
mize nonuniformity in gas flows, temperature 
profiles, and plasma properties at the substrate-re- 
active gas interface. This usually means low pres- 
sure (<100 Torr) operation. For many vapor 
deposition applications, this is acceptable. 

This chapter has attempted to clarify the reasons 
for selecting either CVD or PECVD and the types 
of systems needed to utilize these processes. Once 
a few fundamentals of each of these processes are 
understood, and the advantages and limitations of 
each process are known, process judgements can 
be made concerning the applicability of each tech- 
nology to the needs of your organization. When 
one reviews the work of others, it is obvious that 
these processes are fundamentally very complex. 
Careful thought should be given to the selection of 
a process and deposition system before buying even 
a “turn key” deposition system. A few guidelines 
which might be helpful in selecting a process and 
system are: 


1. Let the material to be deposited, the properties 
needed from this material, and the substrate 
upon which it is to be deposited dictate the pro- 
cess selected to form the material. 

2. When several vapor deposition processes appear 
equivalent, screen recent literature studies to 
determine which process most nearly matches 
the expertise, time, and cost constraints of your 
organization. If CVD or PECVD is the process 
of choice for the material to be deposited, and 
relevant experimental information is available, 
let these studies guide the process parameter 
and equipment selection. 
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3. Allow for equipment modifications as you gain 
experience in the operation of the deposition 
system. 

4. Be aware that there is no universal deposition 
process that is best for all deposition applica- 
tions and there is no universal equipment that 
meets the requirements of the spectrum of de- 
position variables critical to the formation of all 
materials formed by either CVD or PECVD 
processes. 

5. Consider that the cost gain from attempts at in- 
creasing either the types of materials, substrate 
sizes, or number of the parts that can be pro- 
cessed in one deposition system is often lost in 
the complexity and cost of operating that sys- 
tem. 
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Carbon Films 


In addition to its beauty as a gem stone, 
diamond possesses a unique combina- 
tion of superb material properties which 
offer a wide variety of industrial applica- 
tions. Interest in the synthesis of dia- 
mond has been strong for nearly a 
century. Although high-pressure high- 
temperature processes are now a major 
source of industrial diamond, the scope 
of technical application of diamond is 
still very limited. Recent advances in 
low-pressure chemical vapor deposition 
(CVD) of diamond and diamondlike 
films will expand greatly the range of 
diamond applications. 

This chapter is a practical overview of 
the current status of technology of the 
CVD diamond and diamondlike carbon 
(DLC). Unifying principles for both dia- 
mond and DLC deposition are intro- 


duced to guide the design and control of 
deposition systems. Several proven depo- 
sition methods and reactors are de- 
scribed and their features compared to 
assist in the selection of reactors. Key 
techniques for the characterization of 
various properties of diamond and DLC 
are addressed. A range of diamond and 
DLC applications are presented. In ad- 
dition, several economic and technical 
challenges are discussed, and some gen- 
eral recommendations are offered. 


Key words: application; characteriza- 
tion; chemical vapor deposition (CVD); 
deposition method; diamond; diamond- 
like carbons (DLC); film; overview; 
property; Raman spectra; reactor; syn- 
thesis. 
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1. Introduction 


The hardest material known to man, slippery as 
teflon, an electrical insulator yet an excellent ther- 
mal conductor, chemically inert, and transparent 
from the near ultraviolet to the far infrared, dia- 
mond would appear to be ideal for myriad mechan- 
ical, optical, and electronic applications [1, 2]. 
Unfortunately, another extreme property of dia- 
mond is its rarity. While industrial grade grit is es- 
sentially a commodity, high quality stones large 
enough for macroscopic fabrication are far too pre- 
cious for use in any but very high-value applica- 
tions. Even so, diamond has a long and distin- 
guished history of use in mechanical devices. Very 
small diamonds have long been used in precision 
low-friction bearings, for example watch move- 
ments and phonograph needles. Larger stones are 
drilled to form durable wire-drawing dies or 
shaped into small surgical blades. Very large stones 
may be sawn into plates for extremely durable win- 
dows for high intensity laser light or heat spreaders 
for high power electronic devices. Over the last 
decade, amazingly rapid advances in the technol- 
ogy for deposition of diamond in the form of coat- 
ings and films have alleviated the need for large 
stones for many applications, and have opened the 
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way to full exploitation of the combination of 
extreme characteristics unique to diamond. 


1.1. A Brief History of Diamond Synthesis 


Diamond is a metastable allotrope of carbon 
with a cubic crystal structure. This metastability is 
not apparent under normal circumstances because 
the energy difference with respect to graphite, the 
lower-energy carbon phase, is very small (0.5 kcal/ 
mole) while the energy barrier which must be over- 
come in the transformation is very large (30 kcal/ 
mole). Unless heated above roughly 1500 °C or ex- 
posed to an extremely high radiation dose, diamond 
is indeed forever. (Diamond burns in pure oxygen 
at 600 °C). The small energy difference between di- 
amond and graphite reverses at elevated pressure. 
The pressure-temperature dependence of this dia- 
mond-graphite transition is illustrated in the carbon 
phase diagram (fig. 70). When carbon is exposed to 
appropriate conditions of high pressure and high 
temperature (HPHT) deep underground, natural 
diamond may grow at a finite, albeit extremely low 
rate. With sudden spurts and actual reversals, the 
average growth rate is equivalent to only microns 
per year. (This low rate is in part due to the fact that 
this process involves solid-to-solid transport. Actual 
liquefaction of carbon can occur at much higher 
temperature but does not appear to play a role in 
the formation of most natural diamond.) 

Due to the rarity and correspondingly high cost of 
natural diamond, efforts to produce diamond syn- 
thetically have been intense. The first successful 
synthesis of diamond from graphite by the high- 
pressure high-temperature (HPHT) process was 
announced by General Electric (GE) in the United 
States in 1955 [3]. Researchers at ASEA in Sweden 
obtained very similar results roughly simulta- 
neously, but chose not to disclose them immedi- 
ately. This synthetic or man-made diamond grows 
by liquid-solid transport from a molten metal-car- 
bon solution. Metals such as iron, nickel, cobalt, 
manganese, chromium, and tantalum are used as 
solvents and catalysts. Other more advanced cata- 
lytic systems are closely held trade secrets. 
Subsequently, other HPHT methods were devel- 
oped. In shock wave synthesis, fine grits are formed 
essentially instantaneously by shock-compression in 
a carefully controlled explosion. Several major com- 
panies are actively engaged in HPHT diamond syn- 
thesis. These include GE and Du Pont in United 
States, De Beers in South Africa, and Sumitomo 
Electric in Japan. More than 70 tons of HPHT syn- 
thetic diamond grit are produced each year [4]. 
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At present, the dominant industrial application 
of diamond is in the form of sintered polycrys- 
talline diamond (PCD) compact, mostly for cutting 
and grinding tools. While they are extremely 
durable, PCD-enhanced tools are expensive rela- 
tive to more conventional competitors and are 
severely restricted in geometry. Although high 
quality single crystals of diamond (as large as 17 
mm) have been produced, HPHT processes have 
their limitations: the equipment is cumbersome 
and expensive, and production of large high purity 
single crystals is difficult and slow. Even the largest 
HPHT crystals are too small for many proposed 
diamond applications. It appears that full exploita- 
tion of diamond’s superior properties requires the 
ability to form high quality, large area films on a 
variety of substrate materials. 

Recent advances in low-pressure chemical vapor 
deposition (CVD) of polycrystalline diamond thin 
films provide this ability and so pave the way for 
rapid expansion in the technological applications of 
diamond. A variety of methods can now be used to 
deposit well faceted single crystals or polycrys- 
talline diamond films on diamond or non-diamond 
substrates at sub-atmospheric pressures. A poor 
cousin to diamond in many respects, very smooth 
films of amorphous diamondlike carbon (DLC) 
may be deposited on virtually any substrate at 
room temperature. With similar low friction, and 
hardness at least one third that of diamond (still 
comparable to the hardest ceramics), DLC 
promises a wider range of application than CVD 
‘diamond at much lower cost. A large number of 
excellent review papers have been published and 


Table 15. Historical development of CVD diamond and DLC 


several conferences entirely devoted to the subject 
of CVD diamond and related materials have been 
held. A few representative reviews and conference 
proceedings are listed in References [5] through 
[15]. A brief account of historical development of 
CVD diamond and DLC is shown in Table 15. 


1.2. Challenges of CVD Diamond and Diamond- 
like Carbons 


The state of understanding and challenges of di- 
amond and DLC are quite different. While crys- 
talline diamond is readily identified, the deposition 
mechanism of the diamond CVD process is only 
poorly understood. In contrast to diamond, DLC is 
easy to make simply by hurling ions or radicals of 
carbon or hydrocarbon with the appropriate energy 
at a substrate. The atomic structure of DLC is not 
well characterized and is occasionally a subject of 
heated debate. In general, DLC can be classified 
into two types: (1) hydrogen-free DLC (i-C) and 
(2) hydrogenated DLC (a-C:H). Some of their 
properties are quite different. For convenience, a 
comparison of many key properties of several car- 
bon-based materials is listed in Table 16 [7]. The 
thrust of development in diamond CVD is to im- 
prove understanding of the growth process to guide 
the design of more efficient and flexible reactors. 
Other challenges include achievement of better 
control of nucleation, adhesion, and heteroepitaxy. 
On the other hand, the major tasks for DLC devel- 
opment are to explore the connections between de- 
position. conditions, atomic. structure and 
macroscopic properties. 


1. Lavoisier (France) 1972 [16] 
2. Eversole (Union Carbide) 1953 [17] 


3. Derjaguin & Fedoseev (USSR) 1956 [18] 
4. Lander & Morrison (Bell Lab.) 1963 [19] 
5. Angus et al (Case West. Res. U) 1967 [20] 


Aisenberg & Chabor (Whittaker) 1971 [21] 
Vickery (Diamond Squared) 1970 [22] 
Derjaguin et al (USSR) 1976 [23] 


eC mn a 


Setaka, Sato, Matsumoto, & Kamo (NIRIM, Japan) 


10. Roy, Badzian, Spear, & Messier (Penn. State Univ.) 
1986 [27] 


First established diamond as a crystalline form of carbon. 


First success in vapor deposition of diamond on diamond 
seeds. 


Thermal CVD diamond on diamond powders. 
Stabilization of diamond by Hz gas. 


Deposition of diamond from CH,/H2 mixture; graphite 
etching by H-atom. 


Deposition of diamondlike carbons. 
Single step CVD diamond on diamond. 
First success in CVD diamond on nondiamond substrates. 


Great advances in CVD diamond using various activation 
1974-1982 [24-26]techniques, MW, RF, HF, DC arc, torch. 


First to repeat Japanese work and to revive diamond 
research in U.S. 


-_—— 


Table 16. Properties of CVD diamond, diamondlike carbons (i-C, a-C:H), natural diamond, and graphite’ 


Crystal structure 


Form 


Hardness 
Mohs 
Vickers (kg/mm?) 


Density (g/cm?) 


Optical 
refractive index 


transparency 


optical band gap 
(eV) 

Electrical 
resistivity 
(ohm cm) 


dielectric 
constant 


dielectric 
strength (V/cm) 


Thermal 
conductivity 
(W cm7! K-') 


expansion 
coefficient 
(K~’) 
graphitization 
temp. (°C) 
Chemical stability 


composition 


Mechanical 
coefficient of 
friction 


compressive 
stress (N/m?) 


adhesion 
(erg/cm?) 
modulus (GPa) 


Growth rates 


(um/hr) 


Inn 


diamond 
diamond; cubic; 


a=3.561; 3.601 A; 
(222) reflection 


faceted crystals; 
<1—100 pm; 
twins on (111) 
films; rough 


>9 

3000-12,000 
3.52 

2.41 

near UV, visible 
IR (2.5-5 ppm) 
5.5 


10° to 10'° 


art 


1400 


inert, inorganic 
acids 


H impurity 


0.08-0.15 


along <110> 
in films 


370-430 
<0.1 to >1000 


Hydrogen-free DLC 
(i-C) 


<5 nm crystallites; 
mixed sp* and sp” 
bonds 


generally as films; 
smooth to rough 


>7, >9 
1200-3000 
2.0-3.5 


1.5-3.1 


IR 
0.4-3.0 
10'* to 5 


8-14 


> 500 


inert, inorganic 
acids 


0.15-0.45 


5x 10° 
1-3 x 10° (glass) 


41 
<0.1 to 18 


1 This table is adapted from Ref. [7] with some modifications. 


Hydrogenated DLC 
(a-C:H) 


amorphous with 
small crystalline 
regions; mixed sp’ 
and sp” bonds 


films; smooth 


>7, >9 
900-3000 


0.9-3.0; most 
1.8-2.0 


1.6-3.1; most 
1.8—2.2 


visible; interference 
colors IR 


0.7-3.0 


107-10!; 


800-900 


inert, inorganic 
solvents; inert 
inorganic acids 


Si, Ge, F, D2, 
“alloys” 


0.2-2.0 


3x10’ 


<10 pm adheres; 
>10 wm cracks 


35-135 


<0.1 to 54; 
most, 1-5 
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Natural 
diamond 


cubic; 
a=3.567 


(100), (111), 
(110); twins 
on (111) 


10 
7000-10,000 + 


3.51 
2.42 


near UV, visible 
IR 


bs] 


II*, 10°; 
IIb, 10-10° 


oye 


20 (Ila, 20 °C) 


1.34 107° 
(20-100 °C) 


1500 (vacuum) 


inert, inorganic 
acids 


N, B, H, impurity 


(humidity sensitive); 
0.153 (steel); 
0.093 (Cu) 


-0- 


900-1050 
<10~‘ 


Graphite 


hexagonal; 
a=2.47; 
c=6.79 


plates 


1-2 


2.26 


2.15 (||C); 
1.81 (LC) 


opaque 


0.04 (\|C); 
0.20 (LC) 


2.6 (||C); 
3.28 (LC) 


K||, 30-40; 
Ki, 1-2 


inert, 
inorganic 
acids 


0.05-0.15 


=0= 


This chapter is intended to provide a practical 
overview of the emerging technologies of CVD dia- 
mond and DLC. In the following sections we (1) 
propose unifying principles for both diamond and 
DLC depositions to guide the selection and control 
of deposition systems, (2) describe key techniques 
for the characterization of diamond and DLC, (3) 
describe some examples of applications, and (4) 
discuss some economic and technical issues related 
to commercial applications of diamond and DLC. 


2. Methods of CVD Diamond Growth 
2.1 Unifying Principles of Diamond CVD 


. Chemical vapor deposition (CVD) of diamond 
proceeds under conditions radically different from 
those of HPHT synthesis. Rather than growing un- 
der conditions in which diamond is stable (as de- 
fined by the Berman-Simon line shown in fig. 70), 
diamond CVD relies on the large barrier to graphi- 
tization of diamond at “moderately” low tempera- 
ture (rarely exceeding 1000 °C) and low pressure 
(usually sub-atmospheric) while exploiting the spe- 
cial chemistry of the growth atmosphere which fa- 
vors deposition of carbon in the form of diamond 
rather than graphite. Because existing diamond 
(beneath the growth surface) remains essentially 
stable while diamond growth is favored by the spe- 
cial gas chemistry, the stability of diamond is effec- 
tively reestablished in the reactor. 

Although various “methods” of diamond CVD 
have been developed (see below), all current reac- 
tors appear to operate on the same principle and 
embody the same three generic zones: (1) an “exci- 
tation” zone in which atomic hydrogen and other 
reactive hydrocarbon species are generated, (2) a 
“transport” zone in which excited gas cools as it 
flows or diffuses to the vicinity of the substrate, and 
(3) a boundary layer in which the gas cools to the 
substrate temperature as it diffuses to the growth 
surface. One key ingredient in the special atmo- 
sphere of diamond CVD is atomic hydrogen or 
other similar reactive species. Highly reactive H 
atoms are believed to play a dual role by (1) adding 
or abstracting bonded hydrogen to maintain nearly 
full hydrogenation of the diamond surface, thereby 
stabilizing it against graphitization while simulta- 
neously offering sufficient reactive sites (hydrogen 
vacancies) for growth, and (2) attacking non-dia- 
mond (graphitic or sp’-bonded) carbon by etching 
it or converting it to sp’-bonded diamond configu- 
rations [28,29]. Obviously, another essential ingre- 
dient of the diamond CVD atmosphere is carbon. 
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Carbon-containing feed gases may enter the reac- 
tor at the excitation or transport zone in almost any 
form, most often as hydrocarbon (e.g., methane, 
acetylene), CO, or oxygenated organic compounds 
(e.g., alcohol, acetone, and acid). The carbon 
borne by the precursor is then converted to the dia- 
mond growth species. Unfortunately, the identity 
of the essential growth species remains unclear. 
Considerable evidence supports the CH; radical 
[30-34], while acetylene, which is stable at the high 
gas temperatures associated with diamond CVD, is 
also a strong candidate [29, 35-38]. Other carbona- 
ceous species are not present in sufficient concen- 
tration to account for the observed rates of 
diamond growth. However, the dominant growth 
species may not be the rate controlling species; a 
rarer species may control the overall deposition 
rate by mediating initiation of growth steps or nu- 
cleation of layers at which another much more pop- 
ulous reactant is incorporated [39(a)]. 

The construction and behavior of the various re- 
actors can be characterized in terms of the relevant 
temperatures of the three reactor zones. Three 
temperatures are considered here: the gas temper- 
ature, T,, and electron temperature, T., which refer 
to the kinetic temperatures of gas molecules and 
electrons, respectively, and chemical temperature, 
T., which is the temperature at which the instanta- 
neous local gas composition would be in thermody- 
namic equilibrium. In the excitation zone, the 
electron temperature, T.(E), the chemical temper- 
ature, T.(E), and the gas temperature, T,(E), are 
all at their maxima. In general, the temperature 
relationship is T.(E) =T.(E) =T,(E). In the trans- 
port zone, the gas temperature, T,(T), is falling 
more rapidly than the chemical temperature, 
T.(T), due to fast gas dilution and slowing of chem- 
ical reactions with rapid cooling. A typical behavior 
of these temperatures in a hot filament reactor is 
shown in figure 71. The chemical temperatures are 
higher than the gas temperatures by 200-500 °C at 
6-10 mm from the filament, the position where the 
substrate is normally located [39(b)]. In_ the 
boundary zone, the gas temperature, T,(B), falls to 
the substrate temperature, T.,, while the chemical 
temperature, T.(B), remains considerably higher, 
again due to reduced reaction rates at lower tem- 
peratures. Thus, in the boundary zone, the concen- 
trations of reactive species are in a super-saturated 
state which is essential for the formation of 
metastable diamond. The actual values of these 
temperatures, T.(E), T,(E), and T.(E), depend on 
the method of excitation, and will affect the quality 
and the growth rate of diamond films. An increase 
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Figure 71. The temperature profiles vs the distance to the filament for measured gas temperature (T,) 
and calculated chemical temperature (T,) in a hot-filament CVD reactor using a feed gas mixture of 


CH,(1%) in Hz at 50 Torr. 


in these temperatures translates to an increase in 
power density and commensurate increase in en- 
ergy flow through the reactor [40]. 

In general, the relationship between the lateral 
sizes of the excitation zone and substrate, and the 
length of the transport zone can be used to classify 
reactors as one of two types: (1) immersion, where 
the transport distance is short and the substrate is 
actually in or adjacent to the excitation zone (both 
of which are of the same lateral size), and (2) 
downstream, where the transport zone is long and 
excited gas is transported a macroscopic distance 
(several times the lateral dimension of the excita- 
tion zone) before encountering the substrate. For 
immersion reactors, the growth area is comparable 
to the size of the excitation zone, transport is usu- 
ally dominated by diffusion, gas feed rates may be 
relatively low and the power density is limited by 
the need to maintain the proper substrate tempera- 
ture, usually in the range 800°C to 1050 °C. Sup- 
plementary heating or water cooling may be 
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required depending on details of the reactor de- 
sign. For downstream reactors the power density 
and gas feed rate may be very high and the fast 
moving stream of excited gas, often a flame, may be 
expanded to cover an area much wider than the 
excitation zone. Again, care must be taken to main- 
tain the desired substrate temperature. 

The prevalence of substrate temperatures in the 
800 °C to 1050 °C range can be viewed in terms of 
the “turnover” rate of bonded hydrogen. This rate 
is determined by the balance between hydrogen 
desorption which becomes very rapid at higher 
temperature, and the hydrogen flux from the 
excited gas. In this temperature range, thermal 
desorption and hydrogen abstraction by super- 
saturated atomic H provide sufficient reactive sites 
for diamond growth at rates of 1 to 10 wm/h. For 
deposition outside this substrate temperature 
range, modifications of gas composition are 
required. The addition of a minute amount of oxy- 
gen to the feed gas in a low power density reactor 


allows deposition at much lower temperature (al- 
beit at a reduced rate) [41]. It is believed that this 
is due to the formation of OH radicals which may 
abstract surface hydrogen and create surface active 
sites more effectively than H-atoms. Up to the limit 
where the available carbon is “burned” and deposi- 
tion stops, oxygen also improves diamond quality 
by suppressing formation of nondiamond carbon. 
Using fluorine-based chemistry, diamond deposi- 
tion at temperatures as low as 300 °C has been re- 
ported [42]. However, this method has not been 
widely used due to the difficulties with reproduci- 
bility and problems with corrosion of reactor com- 
ponents and subsequent film contamination [43]. 
Conversely, the extremely high flux of atomic hy- 
drogen in high power density reactors may be used 
to overcome a greatly increased desorption rate at 
higher temperature and stabilize the growing sur- 
face at temperatures up to 1200 °C [44]. For high 
power density excitation with very high T,(E), a 
larger fraction of hydrogen is in the form of atoms, 
permitting a feed mixture much richer in carbon 
which in turn allows growth rates approaching 
1 mm/hour [45]. 

Up to this point, only deposition from dilute hy- 
drocarbon-in-hydrogen, with some enhancement 
from oxygen and halogen, has been considered. 
The full range of compositions in the C-H-O sys- 
tem suitable for diamond CVD has been compiled 
by Bachmann et al. [46] and mapped in the trian- 
gular diagram shown in figure 72. The diagram in- 
dicates that diamond may be deposited from any 
C-H-O mixture within the narrow triangular region 
abutting the H-CO line. This conclusion is valid 
only for excitation schemes with excitation power 
density (or T.(E)) sufficient to dissociate CO. Be- 
cause the dissociation energy of the C-O bond (257 
kcal/mole) is nearly triple that of the C-H (104 
kcal/mole) or C-C (88 kcal/mole) bonds [47], CO is 
stable in a low power density thermal reactor and 
does not play a significant role in diamond CVD. 
Higher energy or nonthermal (see below) plasma 
reactors can maintain significant steady-state disso- 
ciation of CO thus allowing continued deposition 
almost anywhere along the H-CO line of the trian- 
gular diagram. The requisite power density does 
tend to increase as the relative fraction of CO is 
increased. 


2.2 CVD Diamond Reactors 


Excitation of gas mixtures may be achieved by a 
wide variety of means ranging from direct contact 
with a hot filament, actual chemical combustion 
within the gas stream, to a glow discharge or elec- 


tric arc [2, 5-15]. As described earlier, the various 
excitation schemes may be characterized by their 
power density and the relevant temperatures of the 
excitation zone [40]. The equipment cost of current 
reactor technology is difficult to estimate due to 
variation in the excitation means, size of the reac- 
tor, and different requirements for flow, vacuum, 
and process controls. Crude cost estimates are in- 
cluded in the description of each reactor. 

2.2.1 Thermal Excitation Reactors 

Hot-Filament CVD (HFCVD) Reactor The hot- 
filament CVD (HFCVD) system is the simplest 
and most common diamond growth reactor [48- 
52]. A typical schematic of an HFVCD reactor is 
shown in figure 73. It uses resistively heated refrac- 
tory metal filaments (filament temperature 
2000 °C-2400 °C) to thermally excite a dilute mix- 
ture of hydrocarbon in hydrogen. Typical deposi- 
tion conditions and characteristics of the reactor 
are shown in Table 17. Hot-filament reactors are 
extremely flexible; any number and size of fila- 
ments may be configured to coat large areas and 
complex surfaces. 


Table 17. Typical deposition conditions and features of hot fil- 
ament reactors for CVD of diamond 


Substrate temp. (°C) 800-1050 
Reactor pressure (mbar) 5-200 
Total gas flow (sccm) 10-300 
Filament temp. (°C) 2000-2400 
Deposition rate (4m/hour) 0.2-3 


Deposition area (cm?) 


Filament materials 
Types of substrates 


Quality/crystallinity 


Uniformity/homogeneity 


Advantages of the. method 


Drawbacks of the method 


Special remarks 


2-100 (depending on fila- 
ment configuration). 

W, Ta, Re (0.2 to 5 mm 
diameter). 


Si, Mo, Silica, alumina, 
diamond, etc. 


Excellent quality (except 
with minor co-deposit of 
the filament material). 


Poor to good (depending 
on substrate configura- 
tion). 

Simple set up, low cost, 
large area possible. 


Filament stability prob- 
lematic, no long term 
growth process, metal 
contamination, higher 
oxygen concentration dif- 
ficult. 

Filament material and 
applied bias voltage affect 
quality and rate. 
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Figure 73. Schematic diagram of a hot-filament CVD reactor, consisting of a hot filament with a DC or 
AC power supply, a substrate and its holder or heater, and a vacuum chamber with gas inlet and outlet. 
It also shows the locations of excitation, transport, and boundary zones. 


However, they are limited in the power density 
which can be achieved by direct contact of hot 
metal with gas and so are capable of growth rates 
of only a few microns per hour at best. Also, be- 
cause the hot filaments are readily oxidized, the 
HFCVD technique precludes the use of feed gases 
rich in oxygen. Because the gas chemical tempera- 
ture, T.(E) never exceeds the filament tempera- 
ture, CO is not significantly dissociated in this 
system. Interestingly, although nitrogen degrades 
and ultimately suppresses diamond growth in reac- 
tors with higher excitation energy, the hot filament 
reactor cannot significantly dissociate N2 (240 kcal/ 
mole). Thus, the HFCVD system is insensitive to 
minor air leaks which would jeopardize the dia- 
mond-growing ability of most other reactor types. 
So long as the filaments are not damaged, the small 
amount of oxygen may actually be of some benefit! 

Hot filament reactors are generally home built, 
and do not require any expensive or specialized 
components. Because the operating pressure is 
usually a fraction of an atmosphere (5 to 200 Torr), 
gas flow rates are generally low (10-300 sccm), and 
the HFCVD process is largely unaffected by small 
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air leaks, the vacuum chamber needs not meet ul- 
tra high vacuum (UHV) specifications for cleanli- 
ness and integrity. The deposition zone and 
substrate are also hot and so are self-cleansing. 
Conventional mechanical vacuum pumps are gen- 
erally adequate, but a Roots blower may be desir- 
able for a higher flow rate system. For low-flow 
systems, even a large chamber with appropriate 
pumps costs only a few thousand dollars. In addi- 
tion, gas handling and pressure/temperature con- 
trol equipment are needed. This equipment, again 
costing only a few thousand dollars, will serve any 
size reactor. An optical pyrometer is useful for 
monitoring filament temperature. Simple to build 
and easy to operate, HFCVD reactors are the most 
common type of diamond reactor in current use. A 
hot-filament system is an excellent “first reactor” 
for those new to the field. The total material cost 
of a basic HFCVD reactor, even one capable of 
coating fairly large areas, is unlikely to exceed 
$20,000. Of course, elaborate diagnostic systems 
(interferometry, ellipsometry, spectroscopy, gas 
analysis) can increase the cost substantially. 


Combustion Flame Reactors 


The simplest and cheapest high energy density 
reactor is a conventional atmospheric-pressure oxy- 
acetylene torch which derives its excitation energy 
from combustion within the gas stream [44, 53-55]. 
A typical torch arrangement is shown in figure 74a. 
With careful control of the gas mixture (slightly 
carbon-rich) and position of the substrate in the 
flame, high quality diamond can be grown over a 
small area (1 cm diameter) at rates up to 200 mi- 
crons/hour. The substrate for torch-growth must be 
vigorously cooled. The combustion torch is difficult 
to scale to larger areas for two reasons: (1) ex- 
tremely high and nonuniform heat flux to the sub- 
strate, and (2) limited ability to expand the flame. 
A partially successfully attempt to expand the de- 
posit area by using a multiple-torch arrangement 
has been reported [56]. To increase the deposition 
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(a) Atmospheric pressure 
oxy-acetylene torch 


area and permit better control, other more benign 
combustion methods at low pressure, such as the 
flat flame burner (fig. 74b), have been explored 
[57,58]. However, these are characterized by lower 
flame temperature and cannot reproduce the high 
local deposition rates of the oxy-acetylene flame. 
Typical deposition conditions and characteristics of 
the reactors are shown in Table 18. 

The initial cost of an oxy-acetylene torch system 
is very low and all components are available at a 
good hardware store. Because of the special vac- 
uum system and high speed pumping requirements, 
low pressure flame systems are substantially more 
expensive. Good control of the flame shape and 
composition, and substrate temperature is essential 
but not easy. In addition, large gas flow rates of 
several liters/min. for reactants, with deposition 
over such a small area corresponds to a very low 
yield of diamond growth for the carbon consumed. 
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Figure 74. Schematic diagram of combustion flame CVD reactors. (a) atmospheric pressure oxy-acetylene torch, (b) low-pressure 


flat flame burner. 


Table 18. Typical conditions and features of atmospheric oxy-acetylene torch and low-pressure combustion flame reactors 


for CVD of diamond 


Substrate temp. (°C) 


Reactor pressure (mbar) 
Total gas flow (sccm) 
Flame temp. (°C) 
Deposition rate (m/hour) 


Deposition area (cm?) 


Types of substrates 


Quality/crystallinity 
Uniformity/homogeneity 
Advantages of the method 


Drawbacks of the method 


Atmospheric oxy-acetylene torch 


600-1300 (cooling required) 


1000 

2000-9000 

3000-3300 

50 (high quality) 

200 (poor quality) 
Approx. 1 

Si, Mo, alumina, TiN, 
diamond 

Good to excellent 
Poor 

Simple set up, high growth 


rates, no vacuum chamber 
needed 


Control of substrate temp- 
erature difficult, inhomo- 
genous deposition, contam- 
inations, small deposition 
area, substrate cooling 


Low pressure combustion flame 


800-1250 
(heating required) 


25-50 
3000-8000 
2000-2400 
0.5-1 


20-30 


Same 


Poor to good 
Good 


Large area 
possible 


Low growth rate, 
low film quality, 
Low yield, vacuum 
chamber and high- 
speed pumping 


required, poor reprodu- 


cibility, low yield 


Special remarks 


Rates and quality depend on 
nozzle and oxygen-acetylene 


Flame control 
difficult in low 


ratio used, nozzle-substrate pressures 


distance critical. 


2.2.2 Discharge Excitation Reactors 

Microwave Plasma CVD (MWCVD) Reac- 
tors After hot-filament systems, the most com- 
mon diamond reactor is the microwave plasma 
(MWCVD) reactor [25, 59]. At present, several 
types of MWCVD reactors are available commer- 
cially (fig. 75). A low pressure (0.1 to 100 Torr) 
MWCVD reactor uses a resonant microwave cavity 
to generate a plasma “fireball” in a hydrocarbon- 
hydrogen mixture similar to that used for HFCVD. 
The substrate is placed adjacent to, or in contact 
with the plasma. Among diamond CVD reactors, 
the low pressure microwave reactor is unique in 
that the microwave plasma is nonthermal. Because 
microwave energy is coupled to the plasma via the 
free electrons, their temperature is far higher than 
the background of ions and neutral gas. The chem- 
istry of a very “hot” gas is created by the high elec- 
tron temperature without the associated gas kinetic 
energy (T.(E)~T.(E)>>T,(E)). Even though 
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T,(E) is comparable to that of a hot-filament reac- 
tor, stable molecules such as CO and N; are disso- 
ciated in the microwave plasma. This in turn allows 
the use of gas mixtures almost anywhere in the H- 
CO system (fig. 72). However, it appears that in- 
creasing power density is required as the CO 
fraction is increased. For a 1 kW microwave reac- 
tor, deposition rates of 1 ~m/h over a 5 cm diame- 
ter area are typical. Substitution of a larger power 
supply, with appropriate precautions for cooling 
both the substrate and the reactor walls allows de- 
position at rates exceeding 10 pm/h. 

As most commonly operated, with the plasma in 
near-contact with the substrate, these MWCVD re- 
actors are in “immersion” mode. Operated in this 
mode, they suffer two serious drawbacks: (1) they 
are difficult to scale to coat large surfaces, and (2) 
due to microwave coupling to the substrate, it is 
difficult to coat complex objects, especially those 
with sharp edges and corners. 
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Figure 75. Schematic diagrams of microwave (MW) CVD reactors: (a) low-pressure MW plasma reac- 


tor, (b) atmospheric pressure MW plasma torch. 


Microwave reactors have been built to operate in 
the “downstream” mode. A promising design is 
one in which gas flows rapidly through a compact, 
very high power plasma, and then is allowed to 
expand rapidly and coat a much larger surface [60]. 
In a sense, this might be called a microwave-jet 
Although the average deposition rate is reduced 
relative to “immersion,” both drawbacks of immer- 
sion microwave deposition are overcome. Another 
type of reactor is called a “microwave plasma 
torch,” which is operated at atmospheric pressure 
and high power, developed by Mitsuda et al. [61]. 
At this pressure, the plasma is closer to thermal 
equilibrium and allows for high gas temperature 
(T.(E) ~T.(E) =T,(E)). Growth rates up to 30 wm/ 
h are achieved, but the deposition area is reduced. 
Another type of microwave reactor is equipped 
with a proper arrangement of magnets and oper- 
ated at low pressure (10~*— 107’ Torr) in the elec- 
tron cyclotron resonance (ECR) mode. This ECR 
operation greatly increases the degree of ionization 
and excitation efficiency and may be used for large 
area diamond deposition [62,63]. However, both 
the film quality and growth rate are reduced. Typi- 
cal operation conditions and features for MWCVD 
reactors are listed in Table 19. 

Moderately sized microwave power supplies are 
relatively inexpensive due to the mass production 
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of microwave sources for ovens. A reactor with a 
cavity and 1 kW power supply might be purchased 
for less than $60,000, while basic turnkey systems 
are available from the $150,000 range. For high 
rate deposition at higher power or for larger di- 
ameters, costs increase rapidly. A commercial ver- 
sion of the expanded microwave-jet reactor, or 
large area deposition system is available [60]. This 
machine is capable of coating nominally flat sur- 
faces up to 10 cm in diameter, and larger versions 
should be available soon. The absence of physical 
contact between the substrates and the excitation 
zone has two advantages: (1) reduced possibility 
for contamination, and (2) increased deposition 
area. Representatives of the manufacturers of MW 
apparatus in the United States include Applied 
Science and Technology, (Astex, Woburn, MA), 
Wavemat (Plymouth, MI), and Conversion Tech- 
nology (Livermore, CA). 


Radio CVD 


Reactors 


Frequency Plasma (RFCVD) 


Radio-frequency (RF) reactors operated in the 
megahertz range (typically 4 to 13.6 MHz) have 
been used for low pressure plasma deposition of 
various films and have been successfully applied to 
synthesize polycrystalline diamond films [26, 64—- 
66]. Both inductive and capacitive coupling are 


Table 19. Typical conditions and features of microwave plasmas and low-pressure and atmospheric pressure torch reactors 


for CVD of diamond 


Low-pressure 


MWCVD reactor 


MW atmospheric 
pressure torch 


Substrate temp. (°C) 350-1100 
Reactor pressure (mbar) 0.1-100 
Total gas flow (sccm) 100-1000 
Input power data 300-2000 W 
Deposition rate (m/hour) 1-5 
Deposition area (cm?) 20-100 


Types of substrates 


Si, silica, alumina, 


800-110 (cooling 
required) 


1000 
50,000 
5 kW 
10-30 


graphite, Ni, soft glass, Ti, 
Ta, Si-nitride, SiC, SiAION, 
WC, Pt, Cu, and others. 


Quality/crystallinity 
Uniformity/homogeneity 
Advantages of the method 


Excellent quality 
Excellent quality 


Very stable (continuous 
operation possible), high 


Good 
Poor 


Torch control 
difficult 


quality; uniform rates 


Drawbacks of the method 
improvement 


Special remarks 


Rate and area need further 


Plasma instabil- 

ity, vigorous cooling 
required, contamina- 
tion by electrode 
materials 


Magnetized plasmas (ECR) 


at low pressures of <0.1 mbar 
yield diamond at lower rates 
and reduced quality. 


available, but inductively-coupled reactors are most 
commonly used (fig. 76). Diamond growth in the 
immersion mode is possible, but is very inefficient 
due to the low ionization and low chemical activity 
of the nonthermal RF plasma. However, an induc- 
tively coupled RF-jet can generate a thermal 
plasma (T.(E) = T.(E) =T,(E)) with very high tem- 
perature (3000 °C). This produces correspondingly 
more atomic H and higher deposition rates. Oper- 
ated at a low pressure (0.01-10 Torr) where heat 
transfer to the substrate is reduced, RFCVD reac- 
tors have been used to deposit diamond from se- 
lected precursors at low, but nevertheless 
potentially useful rates (0.2 »m/h) at temperatures 
less than 400 °C [65,66]. An inductively coupled RF 
torch reactor operated at atmospheric pressure 
(fig. 76b) which deposits diamond at a rate up to 
180 ym/h over 2 cm’ has been demonstrated [67]. 
However, reactors with extremely high power (60 
kW) and high gas flow rates (approaching 100 I/m) 
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are difficult to control and costly to operate. Typi- 
cal deposition conditions and reactor characteris- 
tics are listed in Table 20. 

The RFCVD reactors seem to combine the ad- 
vantages of high temperature chemistry with the 
scalability and convenience of low energy excitation 
modes. Although the laboratory built reactors are 
nominally capable of coating areas only 1 to 2 cm 
in diameter, spreading the gas stream over much 
larger areas is possible. Some commercial coating 
operations have used the expanded RF-Jet method 
[68(a)]. Since RF reactors are sold for other indus- 
trial applications, RF power supplies and compo- 
nents are readily available [68(b)]. Because these 
must be configured by the user to build a useful 
reactor, costs are nearly impossible to estimate. 
The high gas flow rates of jet reactors require 
much larger pumping capacity, usually with the as- 
sistance of a roots blower. 
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Figure 76. Schematic diagrams of radio frequency (RF) plasma CVD reactors. (a) low-pressure RF 
plasma reactor, (b) atmospheric pressure RF torch. 


DC-Plasma Reactors 


For convenience, DC-plasma reactors are 
roughly divided into two types: the low pressure 
(LP, 2-200 Torr) DC discharge and high pressure 
plasma jet (PJ, >200 Torr). Because of the relative 
simplicity of low-pressure DC discharge systems, 
several versions of LP-DC discharge reactors have 
been constructed for diamond CVD _ [69-73]. 
Figure 77a depicts a schematic of a typical LP DC 
discharge reactor, which consists of a vacuum 
chamber (not shown), a gas inlet, and two elec- 
trodes with a DC power supply. The substrate is 
usually placed on the anode to avoid deposition of 
graphitic materials. When the reactor pressure is 
below 20 Torr, large area deposition (~10 cm di- 
ameter) can be obtained, but the growth rate is low 
(<0.1 wm/h) and film quality is fair [69-70]. 
Higher rate diamond growth (1-3 ym/h) was re- 
ported using a hollow cathode discharge at high 
current (8 A) and low voltage (75-115 V) [71]. By 
increasing the reactor pressure up to 200 Torr and 
the discharge current up to 10 A at 1 kV, both 
growth rate (up to 250 ym/h) and quality are im- 
proved substantially at relatively low total gas flow 
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rate (20-100 sccm) [72, 73]. However, the deposi- 
tion area is greatly reduced. 

The high pressure plasma DC-jet (PJ) reactor 
was introduced by Matsumoto and others [45, 74- 
78]. These reactors (fig. 77b) use concentric nozzle 
electrodes with a high power DC discharge to gen- 
erate an extremely hot (4000-6000°C) thermal 
plasma at very high gas flow (3-70 I/m). The 
plasma is blown out of the nozzle to form a flame 
with the tip touching the substrate. The substrate 
needs to be carefully cooled during deposition. The 
highest diamond deposition rates, reaching 1 mm/ 
hour, have been demonstrated with the DC-Jet re- 
actors [45, 78]. However, the operation of these 
reactors is complex, and rapid erosion of the noz- 
zles is a hazard. In addition, the power and feed 
gas consumptions are extremely high while the de- 
position area is small and homogeneity of the films 
is poor. 

Typical conditions for DC plasma reactors are 
listed in Table 21. Some commercial DC plasma 
jets manufacturers are listed as follows: Onoda 
Cement (Japan) and Hercules, AeroChem Re- 
search Labs. (Princeton NJ), and Technion, Inc. 
(Irvine, CA). 


Table 20. Typical conditions and features of RF plasmas at low pressure and atmospheric pressure reactors for CVD of 


diamond 


a  ———— — ——————————————————— — — ——— —————————— 
sss 


Low-pressure 


Atmospheric 


reactor pressure torch 

Substrate temp. (°C) 500-900 900-1200 (cooling 
required for) 

Reactor pressure (mbar) 0.1-50 1000 
Total gas flow (sccm) 100-200 80,000 
Input power data 300-3000 W 20-60 kW at 4 MHz 
Deposition rate (\m/hour) <0.5 120-180 
Deposition area (cm?) large area <3 
Types of substrates Si, silica, BN, alumina, Mo 

Ni, 
Quality/crystallinity Poor to good Excellent 


Uniformity/homogeneity 


Advantages of the method 


Drawbacks of the method 


Special remarks 


Poor to good 


Easy scale-up option, 
complex substrate shape option 


Low rates, poor crystalline 
quality, contaminations 


Discharges are less stable than 
MW, thus Ar is added; higher 
pressures, power, and frequency 


Poor to good 


High deposition 
rate 


Small deposition area; 
stability and tempera- 
ture; contamination 
control problematic; 
thickness and quality 
variations; poor adhesion 


Very hot plasma fire ball, 
high power consumption 
and flow rates, low yield; 


work better 


3. Diamondlike Carbon 
3.1 Just what is DLC? 


Diamondlike carbon (DLC) is not a well-defined 
material. Rather, it is a broad class of amorphous 
carbon-based materials exhibiting properties (most 
importantly high hardness) suggestive of diamond. 
By a controlled combination of diamond, graphitic 
and polymeric local atomic configurations in an 
amorphous structure, a wide range of material 
properties can be obtained. This range of proper- 
ties can be extended by incorporation of a small 
fraction of a second carbide forming element (e.g., 
Si, W, Ti). Unlike CVD diamond, which is usually 
grown at quite high substrate temperature, dia- 
mondlike carbon can be produced at or even below 
room temperature. Although DLC is inferior to di- 
amond in many respects, the ability to deposit a 
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RF power sources are 
more expensive than thos 
of MW 


very smooth film of diamondlike carbon on virtu- 
ally any solid substrate opens a much broader 
range of application. 

A unifying concept for all forms of amorphous 
carbon is the “hydrocarbon phase diagram” (fig. 
78) first proposed by Angus et al. [79]. This dia- 
gram maps the degree of fourfold or sp’ carbon 
coordination as a function of hydrogen content. 
The solid line is derived from the theory of random 
covalent networks (RCN). Along this curve lie ma- 
terials with barely sufficient constraint (defined by 
the degree of carbon-carbon bonding) to be rigid 
(there are no remaining zero-frequency oscillators, 
i.e., there are restoring forces to displacement of 
every atom in all three dimensions). Materials to 
the left of this line are overconstrained and so may 
be macroscopically hard. The dashed curve repre- 
sents a modification of the random networks which 
admits large graphitic clusters; the C-RCN model. 
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Figure 77. Schematic diagrams of DC plasma reactors. (a) low-pressure DC arc reactor, (b) atmo- 


spheric pressure thermal plasma jet. 
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Figure 78. Phase diagram of hydrocarbons with respect to the 
sp’ fraction and hydrogen content. Data points (Ml) are from 
Ref. [79] and (@) from Ref. [80]. 


The dotted curve (polymer line) denotes simple 
long-chain polymers varying continuously from 
polyacetylene to polyethylene. Materials to the 
right of the polymer line must be disconnected and 
so are fluids. Materials between the solid and poly- 
mer lines are connected (atoms or clumps of atoms 
cannot be pulled out) but are not rigid covalent 
solids (some atoms may be displaced with only 
weak restoring force). This may be used as a new 
definition of plastic. Graphite and amorphous 
carbons with threefold (sp*) coordination lie at the 
origin, while diamond and “amorphous diamond” 
(analogous to amorphous silicon) lie at the top left. 
Measured sp® fractions for hydrogen-free amor- 
phous carbons range from as low 10% to nearly 
100%. The measured sp* fractions and composi- 
tions of a-C:H films (the solid symbols) are in good 
agreement with the C-RCN model [79, 80]. 


Table 21. Typical conditions and features of low pressure DC arc and plasma jet reactors for CVD of diamond 


Low-pressure DC arc & 
reactor plasma jet 
Substrate temp. (°C) 600-1000 800-1100 (cooling 
required) 
Reactor pressure (mbar) 20-200 200-1000 
Total gas flow (sccm) 100-200 3,000-70,000 
Input power data 300-3000 W >10 A/cm?, 3,000- 
18,000 V 
Plasma temperature (°C) 1000-1200 4000-6000 
Deposition rate (m/hour) 0.1-25 500-930 
Deposition area (cm?) approx. 70 <2 
Types of substrates Si, Mo, silica, alumina, Same 
diamond 
Quality/crystallinity Fair to good Excellent at 
center; poor at 
periphery 
Uniformity/homogeneity Excellent Poor 


Advantages of the method 


Drawbacks of the method 


Simple set up, large area 


Low linear deposition rate; 
medium quality substrate 
preferably on anode to 


Extremely high 
deposition rates 
of up to 930 pm/h 


High heat flux; 
possible thermal shock 
shock destruction 


avoid graphitic material of substrates; possible 


3.2 DLC Deposition 


Several comprehensive reviews of the formation 
and properties of diamondlike carbon (DLC) are 
available [2,3,79-81]. The essential ingredient in 
the formation of hard amorphous carbon, hydro- 
genated or not, is control of the kinetic energy with 
which the carbon or hydrocarbon species impinge 
on the growing surface. In general, for any deposi- 
tion scheme and any precursor, the hardest mate- 
rial is obtained when the kinetic energy per carbon 
atom of the precursor is in the range 50 to 200 eV. 

3.2.1 Hydrogenated DLC (a-C:H) Hydro- 
genated DLC (a-C:H, HDLC) films can be pro- 
duced by virtually any means which can direct a 
flux of hydrocarbon ions with kinetic energy in the 
optimal 50 to 200 eV onto a substrate. The sub- 
Strate temperature may be varied from slightly 
above to well below room temperature with only 
small effect on film properties. Holland and Ojha 
[82] first reported the chemical vapor deposition 
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severe deformation of 
substrates; impurity 
contamination; instability 
of flame and temperature 


(CVD) of a-C:H from a hydrocarbon plasma in a 
parallel plate reactor in which the substrate was 
fixed to an electrode to which RF-power was ap- 
plied through a series capacitor (fig. 79). In this 
configuration, the powered electrode acquires a 
negative bias determined by the reactor geometry, 
the applied power and the type and pressures of 
the gas. We note that this voltage is the rms aver- 
age of the oscillating substrate-plasma potential 
difference and is not simply related to the ion ki- 
netic energy. For the most common conditions of 
DLC growth, the ion energy is estimated to be 
roughly one-third the average self-bias voltage (i.e., 
the optimal bias voltage is in the range 150 to 600 
V.ms). Because virtually any sputtering reactor can 
be adapted for a-C:H deposition, this self-biased 
CVD technique is widely used. Alternatively, a hy- 
drocarbon plasma may be generated by DC, RF or 
microwave discharges and the substrate biased in- 
dependently, or an accelerated ion source, such as 
a Kaufman gun, may be used [83-86]. 


RF-CVD Reactor 
for Diamondlike Carbon 


ae 


SEN My eas Hydrocarbon 


—S 
== _ Plasma = Vapor 


tea ON pa 
| ug i) lon Flux 
5 -V 


Capacitor 


Substrate 


Ss 


RF Power 
Supply 


Figure 79. Parallel-plate RF-plasma CVD reactor for dia- 
mondlike carbon. 


As noted above, the properties of a-C:H films are 
determined in large part by the energy with which 
hydrocarbon ions arrive at the growing surface. 
With increasing ion energy a-C:H evolves from 
transparent, hydrogen-rich, polymer-like material 
to a brittle, nearly opaque, conducting material re- 
sembling carbon glass. The most diamondlike prop- 
erties, maximum hardness and density, are obtained 
at intermediate energy. Several key properties of a- 
C:H deposited by RF plasma CVD from several 
precursors are compared as a function of rms self- 
bias voltage, V,, in figure 80 [87]. 

Gas pressure, choice of precursor and substrate 
temperature play secondary roles in determining 
film properties. With increasing gas pressure, colli- 
sions with the background of neutral species reduce 
the effective bombardment energy. The pressure at 
which this effect is significant depends upon the re- 
actor geometry. At very low energy, precursors may 
not entirely decompose and some may incorporate 
nearly intact in the film. Films deposited from ben- 
zene may contain pendant benzene (phenyl) 
groups, while those formed from butane can be 
highly polymeric [84]. At higher energy densities 
film properties are similar for all precursors, but 
heavier hydrocarbons generally provide proportion- 
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ately higher deposition rates. Rates up to several 
microns per hour can be achieved from butane or 
benzene vapor. The effect of increased substrate 
temperature during deposition is approximately the 
same as that of higher ion energy. 
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Figure 80. Properties of a-C:H deposited by RF plasma CVD 
from several precursors are compared as a function of rms self- 
bias voltage. 


A critical parameter of a prospective optical 
coating material is its optical gap, E,. A gap of 3 eV 
is required for optical transparency. Figure 80 
shows that hard a-C:H does not meet this require- 
ment; thin films (less than roughly 0.2 wm) are 


red-brown in transmission, while thicker films are 
opaque. Fortunately, this connection between ion 
energy and optical gap is not rigid. Controlled 
bombardment by high energy noble gas ions (e.g., 
1000 eV Ar ions) during growth can increase the 
optical gap to meet this transparency requirement 
without sacrifice of other key film properties [88]. 
a-C:H is quite transparent in the near infrared with 
the exception of a strong absorption band near 3.4 
um due to C-H bond stretching vibrational modes. 
Thus a-C:H films which are quite opaque in the 
visible are well suited for protection of optics for 
the 4-6 wm atmospheric infrared transmission 
band. 

The density of a-C:H correlates well with the hy- 
drocarbon ion energy. Densities as low as 0.9 g/cm? 
for films formed at low energy are consistent with 
the other polymerlike characteristics (softness, 
transparency). Such films are similar to another 
form of hydrocarbon film, called plasma-polymer, 
which forms when little or no potential appears be- 
tween the plasma and substrate. The film density 
reaches a maximum of 2.0 g/cm? for bias in the 200 
to 400 V range, at which the hardness can be as 
high as 30 GPa, comparable to the hardest ceram- 
ics, but far lower than that of diamond (105 GPa). 
Far less hard, dense and transparent than dia- 
mond, hydrogenated DLC is inferior to actual dia- 
mond but is certainly the hardest of hydrocarbon 
materials. With further increase in bombardment 
energy, the density decreases to only 1.7 g/cm’, typ- 
ical of glassy carbon. 

3.2.2 Hydrogen-free DLC (i-C) Hydrogen free 
DLC (i-C) represents a subset of the possible car- 
bon structures quite different from those found in 
a-C:H. In the “phase diagram” of Figure 9, i-C lies 
high on the left axis. As it contains no hydrogen, 
i-C cannot include a polymeric component and 
must be composed of some combination of net- 
works of sp* and sp’ carbon and possibly graphitic 
clusters. The first and second dominate the me- 
chanical properties while the last determines the 
optical properties. Again, the degree of fourfold 
coordination is controlled by the energy with which 
carbon atoms or ions arrive at the substrate. 

Hydrogen-free DLC (i-C) is usually deposited 
from a carbon ion beam with mass selection [89- 
94]. Hardness and density are maximized for ion 
energies in the range 30 to 80 eV [95]. Just as for 
a-C:H, the substrate may be at or below room tem- 
perature. In fact, the substrate must be actively 
cooled during high rate deposition. The major chal- 
lenge in production of i-C lies in finding a source of 
carbon prolific enough to enable coating large ar- 
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eas at reasonable rates. Conventional C-ion 
sources depend upon ion sputtering of graphite or 
decomposition of CO gas and ion extraction fol- 
lowed by mass filtering to produce a pure carbon 
ion beam. An alternative approach which embodies 
the essential elements of a an ion-beam system em- 
ploys a cathodic arc discharge on a graphite elec- 
trode as an ion source. The pure carbon plasma is 
extremely hot and so provides ions in the desired 
energy range. If desired, an external substrate bias 
may be included to further increase this energy. 
Magnetic mass filtering must be added to remove 
the multi-atom clusters (including the now-famous 
Buckyballs) produced in high-rate erosion of 
graphite. 

Thermal evaporation and sputtering of carbon 
cannot be used to form i-C because the atom ki- 
netic energy is too low. Under these marginal con- 
ditions, the ability of the substrate to dissipate the 
kinetic energy of incoming carbon atoms, through 
low initial temperature and high thermal conduc- 
tivity, appears to play an important role in deter- 
mining the film properties. Carbon films sputtered 
onto diamond at 77 K exhibit densities as high as 
2.8 g/cm*® and up to 60% sp® coordination [96]. 
Pulsed laser evaporation can impart energies of a 
few eV and so is an intermediate case between 
sputtering and ion-beam deposition [97]. Carbon 
films laser-deposited on low temperature sub- 
strates (77 K) show a systematic increase in density 
and estimated sp* content with increasing thermal 
conductivity of the substrate. At low laser fluency 
(10° W/cm? in a 10 ns pulse), the carbon kinetic 
energy increases as the laser wavelength decreases, 
and the sp’ content and density of the resulting car- 
bon films are found to increase accordingly. For 
UV-laser (248 nm) evaporation the ion kinetic en- 
ergy can exceed 20 eV, approaching the optimal 
value determined for ion-beam deposition. Indeed, 
carbon films UV-laser deposited on high quality di- 
amond substrates at room temperature have a den- 
sity 3.2 g/cm*® and an estimated sp’ fraction 
exceeding 85% [98] 

Carbon films produced by laser ablation of car- 
bon at very high laser fluence (10'? W/cm’) appear 
to be quite different from those formed by evapo- 
ration at lower fluence. Above a critical energy 
density, an extremely hot carbon vapor plume rich 
in small clusters (C3, C, etc.) is produced [99]. This 
carbon stream may be similar to that produced by 
the cathodic arc. Films deposited from the most 
energetic portion of the plume are highly insulating 
and exhibit both density (up to 3.1 g/cm’) and hard- 
ness (typically 40 GPa, but up to 77 GPa) 
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approaching that of diamond, all suggestive of a 
very high sp® content. Microscopic examination of 
these films shows a nodular structure. The develop- 
ers of this material have named it “amorphic dia- 
mond” and conclude that it is composed of small 
(100 nm) nodules of quaternary carbon (partially 
or entirely amorphous) captured in a more 
graphitic, but nevertheless very strong, matrix. This 
composite structure permits very high hardness to 
coexist with relatively low compressive stress, but 
seriously compromises the optical and electronic 
properties of the film. 


4. Characterization 


Film characterization is critical to the prepara- 
tion, development, and application of CVD dia- 
mond and DLC. From even a cursory review of the 
literature, it would appear that every conceivable 
analytic tool has been brought to bear in the course 
of innumerable basic studies of formation and 
structure of diamond and related materials. Many 
general purpose tools have been well described 
[100, 101]. For the purpose of this review, we will 
focus only on methods of characterization which 
are particularly powerful for diamond and DLC or 
relate to applications. One important consideration 
is that despite frequent use of the phrase “high 
quality diamond film,” there is no single measure 
of “quality”: quality is measured by the customer, 
and must always be defined by the application. An 
adherent, tough film which makes a superior tool 
coating may have relatively poor thermal conduc- 
tivity and downright dismal optical properties. 


4.1 Film Purity 


Laser Raman spectroscopy, an inelastic light 
scattering spectroscopy which detects optically ac- 
tive vibrational modes of a material, is widely used 
in characterization of diamond and DLC [102- 
105]. Crystalline diamond has a single Raman 
mode at 1332 cm~' (fig. 81a). The appearance of 
the 1332 cm™' line positively confirms the presence 
of diamond in a film. The width of the peak is also 
an indication of crystallite size and internal struc- 
ture; a wider peak corresponding to smaller crystal- 
lite size or more internal disorder such as 
dislocations and grain boundaries. As a diagnostic, 
the width of the Raman peak correlates well with 
other more specific properties such as thermal con- 
ductivity, carrier mobility and optical transparency. 
Macroscopic stress, whether due to differential 
thermal expansion or intrinsic to the film, will shift 
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the peak considerably. Correspondingly, widely 
varying local stresses will also broaden the peak. 
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Figure 81. Raman spectra of various forms of carbon. (a) 


homo-epitaxial diamond, (b) CVD glassy carbon, (c) CVD poly- 
crystalline diamond, and (d) nonocrystalline diamond. 


Because Raman spectroscopy is much more sen- 
sitive to nondiamond carbon than to diamond 
itself, it can be used as a sensitive but nonquantita- 
tive measure of the “purity” of CVD diamond. 
Highly ordered graphite has a single Raman mode 
at 1580 cm™' (the so-called G-peak), while disor- 
dered graphite also exhibits a symmetry forbidden 
mode at 1350 cm™' (the D-peak) (fig. 81b). As the 


crystallinity of CVD diamond is degraded (e.g., by 
increasing the hydrocarbon gas mixture or lowering 
the substrate temperature) a broad peak centered 
at approximately 1550 cm“ first appears (fig. 82c). 
As the material degrades further, this feature 
grows in intensity and a second feature near 1350 
cm! appears. A third set of related features at 
1140 cm! and 1450 cm“! appear in films with fine 
particles (nanocrystalline diamond, (fig. 81d) 
[9(a)]. All these features are derived from sp’- 
bonded nondiamond carbon. Direct measurements 
by NMR spectroscopy show that only a very small 
fraction (less than 1%) non-diamond carbon is re- 
quired to submerge the diamond signal in the Ra- 
man spectrum [106]. This relative sensitivity is 
highly variable with the choice of excitation wave- 
length; a hidden diamond signal may be revealed 
by using deep blue laser light, while a small resid- 
ual non-diamond component is brought out with 
near-infrared excitation. Other features unrelated 
to Raman scattering also appear in the spectrum 
and so provide useful information. By scanning to 
very large downshifts, the photoluminescence spec- 
trum is also obtained. A variety of defects in CVD 
diamond may be identified by comparison with the 
literature on natural and synthetic diamond 
[102,103,107]. 

Although Raman spectroscopy cannot be used as 
a rough measure of “quality” of DLC as it can for 
diamond, the spectrum of DLC does correlate very 
well with numerous other properties that are less 
accessible. Figure 82 shows the Raman spectra of 
several DLC films compared to that of microcrys- 
talline graphite. As the energy of hydrocarbon im- 
pact during deposition (the bias voltage) increases, 
the Raman spectrum evolves toward that of 
graphite. This is consistent with the description of 
DLC as a composite of small graphitic clusters em- 
bedded in a more transparent matrix (the C-RCN 
model described earlier). The optical gap of such a 
cluster varies as E,=6.0/N'” (eV) where N is the 
number of rings in the cluster. As the bias voltage 
increases clusters grow larger and more “graphite- 
like” and their optical gap decreases [108]. The re- 
semblance between the Raman spectra of DLC 
and that of the non-diamond component in CVD 
diamond further supports interpretation of the lat- 
ter in terms of a growing fraction of sp? bonded 
carbon which is amorphous (no D-peak, an indica- 
tor of order) in low quantities but also evolves to- 
ward graphitic carbon at high concentration. 

X-ray diffraction can be used to characterize the 
internal structure, texture and orientation of the 
crystallites in CVD diamond [1,103,105]. While 
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these may be of incidental importance for mechani- 
cal applications, they are critical to optical and 
electronic applications where properties approach- 
ing single-crystal diamond are desired. 
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Figure 82. Raman spectra of CVD graphite and diamondlike 
carbon formed under different impct energies of hydrocarbons. 


4.2 Hardness and Adhesion 


Conventional indentation hardness measure- 
ments, which require creation of an indent large 
enough to find and measure with an electron mi- 
croscope, are problematic when the film is as hard 
as the indenter or thinner than the depth of the 
smallest detectable indent. (As a rule, the indent 
depth must be less than one-tenth the film thick- 
ness.) Reliable measurement of the hardness of 


CVD diamond films have been obtained, but the 
risk of damage to the indenter diamond is always 
present. The hardness of thick, high quality CVD 
diamond films does indeed approach that of single 
crystal diamond. Nanoindentation methods rely on 
analysis of the load-unload response to a very shal- 
low indentation rather than examination of the in- 
dent itself [109-113]. Such systems are less prone 
to loss of the indenter tip but are not suitable to 
the industrial environment due to their cost and 
complexity. However, a crucial advantage of the 
nanoindentation method is its ability to measure 
hardness of films as thin as 100 nm. To date, 
nanoindentation has been the only reliable mea- 
sure of hardness of DLC which is not available in 
thickness greater than several microns due to its 
high intrinsic stress. 

Adhesion measurement is problematic for both 
diamond and DLC. One common method is the 
scratch test in which a stylus (usually diamond) is 
drawn across the film with increasing force until 
the film fails. Failure may be observed visually or 
detected by a sound transducer. For CVD dia- 
mond, scratch testing is usually destructive to the 
stylus and so is quite unreliable and costly. DLC 
can be made so hard and adherent that ‘“‘deadhe- 
sion” is often due to subsurface failure of the sub- 
strate (spalling). Although pull-tests have proven 
effective in some cases, these usually provide only a 
lower limit. A common method for comparing ad- 
hesion to metals and composites measures the ra- 
dius of film deadhesion surrounding the deep 
indent into the substrate produced by a hardness 
test such as the Rockwell test. In general, adhesion 
strength must be evaluated by performance under 
the stresses of actual application. 


4.3 Electronic, Optical and Thermal Properties 


Electronic, optical and thermal properties of dia- 
mond and DLC are generally measured by well es- 
tablished means. Electronic properties have been 
examined using the full array of tools developed for 
other semiconductor systems [114-116]. Two im- 
portant considerations which are occasionally over- 
looked are electrical isolation from the substrate 
(which is most often a semiconductor as well) and 
ohmic contacts. Free standing diamond films have 
been examined by optical transmission spec- 
troscopy from the near ultraviolet (200 nm) to the 
mid-infrared (5000 nm) [117]. Properly prepared 
CVD diamond films exhibit transmission spectra 
essentially the same as that of good natural dia- 
mond. 
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One area where specialized techniques have 
been applied is measurement of thermal conductiv- 
ity. Measurement of the thermal conductivity of 
thin films is complicated by the substrate or prone 
to large errors due to the very small specimen size 
if the substrate is removed. Fast transient measure- 
ments of the heat flow following focussed pulsed 
laser heating overcome this difficulty [118-121]. 
Polycrystalline films with heat conduction ap- 
proaching the best single crystal diamond have 
been demonstrated. 


4.4 Friction and Wear 


The methods for tribological evaluation of thin 
films are well established [122]. The most common 
method is the pin-on-disk apparatus which mea- 
sures the lateral force on a loaded ball in contact 
with the spinning disk. One important consider- 
ation in evaluating the wear of CVD diamond is 
the effect of transferred films. It is extremely diffi- 
cult to grow a very smooth diamond film. Even a 
small degree of surface roughness will transfer ball 
material to the disk. The wear measurement is then 
no longer that for the ball material on diamond, 
but the ball material on itself. The much touted 
low friction of diamond is obscured and coeffi- 
cients of friction (COF) on the order of unity are 
observed. Very smooth, polished CVD films exhibit 
very low friction coefficients (0.05) and extremely 
low wear rates. If both ball and disk are coated 
with unpolished CVD diamond, they will wear one 
another to form a smooth track and the low friction 
of diamond will be recovered after a wear-in pe- 
riod. It should be kept in mind that the low friction 
of diamond depends on surface bonded hydrogen. 
Prolonged sliding in vacuum or inert atmosphere 
will remove the hydrogen and the COF increase to 
values greater than unity [123]. High temperature 
(> 800 °C) will also desorb the hydrogen. 

Because diamondlike carbon films are very hard 
and extremely smooth, they are well suited for use 
as low wear coatings. For dry sliding against steel, 
COF’s of 0.1 are readily obtained with a wear rate 
at least an order of magnitude less than that of 
competing coatings such as SisN, and TiN (which 
give much higher friction) [124]. The COF of DLC 
is sensitive to humidity and rises to above 0.3 in 
saturated air, but falls to less than 0.03 in very dry 
atmosphere. This is diametrically opposed to the 
behavior of graphite lubricants and so contradicts 
the popular belief that the low friction of DLC 
derives from conversion to graphite under the heat 
and stress of sliding. It is more likely that the 


origins of the low friction of DLC are the same as 
those of diamond: the combination of extreme 
hardness and a stable hydrogen terminated surface. 
In contrast to diamond, hydrogenated DLC con- 
tains plentiful hydrogen throughout the film and so 
retains its low friction under conditions where dia- 
mond does not. The addition of metals or other 
additives stabilizes the humidity dependence of 
DLC friction [125]. The proper choice of additive 
can result in low friction over a wide range of con- 
ditions [126]. 


5. Example Applications 


5.1 Diamond 

5.1.1 Cutting and Grinding Tools In the near 
term, the primary application of CVD diamond is 
in cutting and grinding tools. Some advantages of 
diamond tools include longer tool life, higher cut- 
ting speeds, better surface finish, reduced machine 
down time and material scrap, and ultimately 
higher product quality at lower unit cost. Diamond 
tools are particularly suited for machining of ex- 
tremely abrasive lightweight metal-matrix and poly- 
mer-matrix composite materials. These include 
hypereutectic silicon-aluminum alloys which con- 
tain macroscopic silicon grains, metal matrix com- 
posites including grains of SiC or TiC, and graphite 
reinforced composites. At present, polycrystalline 
diamond (PCD) compact tools are used when 
necessary. In the PCD process, diamond grit is 
sintered with a suitable binder to form an ex- 
tremely tough compact from which small plates are 
cut. These platelets are then brazed to conven- 
tional tool substrates and finally ground (dressed) 
to the desired shape. Even though PCD tools are 
extremely durable and may be resharpened several 
times, this elaborate fabrication process makes 
them too expensive for many applications. Further- 
more, the composite construction from brazed 
platelets places severe restrictions on_ tool 
geometry. 

CVD diamond coating promises both lower cost 
and much greater flexibility in tool design. While 
the shape of PCD tools is generally limited to pla- 
nar surfaces, CVD coatings may be applied over 
complex surfaces such as chip-breakers. Substantial 
increase in tool life, improved surface finishing, 
and improved product quality have already been 
demonstrated [127-129]. At present several manu- 
facturers [130] are producing CVD diamond tool 
inserts for machining of metal-matrix composites. 
Diamond coated twist drills are under develop- 
ment. One interesting property of both diamond 
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and DLC is their low adhesion to organic materi- 
als. Diamond surgical knives permit more precise 
incisions with less scarring than metal tools. For 
the same reason, diamond coated industrial knives 
for thin cutting of wood for plywood and veneers 
are vastly superior to their metal predecessors. 

One issue in the introduction of CVD diamond 
coated tools is the choice of substrate. A significant 
fraction of the current tool investment is in ma- 
chinery designed for very tough cemented carbide 
tools (most often cobalt-cemented WC). However, 
reliable adhesion of CVD diamond to WC/Co has 
proven difficult because Co poisons diamond 
growth, but may not be removed because it holds 
the tool together. While there has been some suc- 
cess in this area using interlayers and special chem- 
ical treatments, the alternative of a ceramic 
substrate is also very attractive. Diamond adhesion 
to these Sij3N4-based materials is readily achieved 
and they are a closer thermal expansion match 
which reduces interfacial stress. However, ceramic 
tools are not as widely accepted because they re- 
quire more advanced tooling (with much more 
rigid fixturing) and more careful handling on the 
shop floor. Recent announcements of mastery of 
the WC/Co adhesion problem may herald the end 
of this impasse [130]. 

5.1.2 Dies and Nozzles Hardness, toughness, 
low friction, chemical inertness, high thermal con- 
ductivity, and smoothness make diamond an ideal 
material for die and nozzle applications. Polycrys- 
talline diamond wire-drawing dies have been 
demonstrated [131]. These may be cheaper and 
more flexible in terms of geometry than those 
made by drilling of single crystal diamond. The 
problems of anisotropic wear due to different hard- 
ness on different surfaces of diamond and weak- 
ness due to cleavage of single crystals can be 
eliminated. In one interesting variation of the 
method for die making, a fuel injector nozzle for 
highly abrasive coal-water slurry (used as diesel 
fuel in some railroad locomotives) exhibits a work- 
ing life many times that of its conventional prede- 
cessors. Long-lived diamond nozzles for controlled 
high velocity spraying of abrasive powder-liquid 
and powder-gas mixtures are realizable with CVD 
technology. 

5.1.3 Friction/Wear Coatings The ubiquitous 
diamond bearing, the jeweled watch movement, is 
now obsolete. Although diamond does indeed 
exhibit low friction (at least against itself) and 
wear, it may not be as attractive for bearings as is 
widely believed. As noted earlier, the diamond 
coating must be highly polished to achieve low 


friction unless both surfaces are coated (in which 
case they polish each other). Either way, the cost 
will be high. For surfaces subject to distortion, such 
as heavily loaded ball bearings, adhesion of ex- 
tremely brittle diamond to the constantly flexing 
bearing surface may be problematic. The wide 
smooth surfaces of journal bearings might appear 
suitable to diamond coating. However, in most 
cases, “quality” must be measured in a comparison 
to a properly lubricated system. Dynamically lubri- 
cated journals have COF as low as 0.005, much 
lower than that of dry diamond. Because there is 
no actual solid-to-solid contact in a properly lubri- 
cated bearing, the low (apparently not all that low) 
friction and wear of diamond are relevant only dur- 
ing aberrant no-oil conditions. In such conditions, a 
diamond film may indeed reduce friction and sig- 
nificantly postpone catastrophic failure, but must 
be compared to the soft bronze-based surfaces de- 
signed for just such a contingency. In critical appli- 
cations such as helicopter rotor hubs and aircraft 
turbines, even a small improvement may be life- 
saving [132]. 

Where lubrication is a viable option, the dry slid- 
ing friction of diamond is unlikely to be competi- 
tive. Worse, diamond does not appear to be 
compatible with conventional lubrication systems; 
wetting with conventional oils often results in 
higher friction! In fact, the greases used to sepa- 
rate diamond grit at the mine must be carefully 
designed to adhere to diamond, and their formula- 
tions are closely held trade secrets. Diamond may 
not even serve where lubrication is not an option, 
such as in vacuum (space or vacuum machinery) or 
at high temperature. In both conditions, loss of sur- 
face-bonded hydrogen (which also stabilizes 
against graphitization) is fatal; both low friction 
and low wear are irretrievably lost. 

5.1.4 Optical Components and _ Coat- 
ings Because of the combined properties of hard- 
ness, chemical inertness, high thermal conductivity 
and low thermal expansion (which translates to 
thermal shock resistance), and wide range of spec- 
tral transparency, diamond is an ideal material for 
optical components and coatings for use in harsh 
environments [133-136]. Windows, lenses, and mir- 
rors made of diamond are suitable for IR, visible, 
and UV optics and can endure abrasion, corrosion, 
high temperature, intense photon flux and ionizing 
radiation. Such properties are particularly impor- 
tant for aerospace, defense, space and communica- 
tion industries where optics must endure high 
velocity dust and water droplet impact both in air 
and the harsh environment of space. For example, 
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some conventional IR seeker objectives must be re- 
furbished after only 4 hours of near-sonic flight, 
and objectives for tank gun sights are damaged by 
corrosive vapor from the projectile propellant. Dia- 
mond lenses, windows, and mirrors can handle ex- 
tremely high light flux, and so may be used in 
high-power excimer and free-electron lasers. Thin 
diamond membranes are used for x-ray windows 
and are under consideration for use in synchrotron 
radiation lithographic masks (for integrated cir- 
cuits) because of their low x-ray absorption, high 
strength, resistance to radiation damage, and low 
thermal expansion coefficient. 

5.1.5 Protective Coatings Impermeability and 
chemical stability in corrosive environments, at 
high temperature, and in the presence of ionizing 
radiation make diamond an excellent corrosion 
preventive coating for vessels containing reactive 
chemicals or nuclear fusion and nuclear particle 
accelerators. The high surface energy and hydro- 
phobicity of diamond resist the bacterial and viral 
attachment, thus allow it to be the coating material 
for medical implants and instruments. 

Diamond is also a candidate material for a pro- 
tective cladding on turbine compressor blades, 
which are rapidly eroded in dusty conditions. [Wit- 
ness the concern about air cleaning and engine re- 
liability for low-flying helicopters and_turbine- 
powered tanks during Operation Desert Storm.] 
Diamond is certainly very light, hard and abrasion 
resistant, but may prove too brittle and tempera- 
ture sensitive for this application. 

5.1.6 Thermal Management With the highest 
thermal conductivity of any solid at room tempera- 
ture and still a good electrical insulator, diamond is 
the ultimate thermal management material [137- 
138]. Single crystal diamond heat-spreaders are al- 
ready in use for high power microwave devices and 
lasers for long-distance fiber optic cables. Replace- 
ment of conventional copper or BeO heat spread- 
ers improves heat rejection to such an extent that 
power output may be increased as much as tenfold. 
Polycrystalline diamond with thermal conductivity 
equivalent to that of single crystal diamond has 
been demonstrated, and it is hoped that CVD dia- 
mond will be a low cost replacement for rather ex- 
pensive single crystal spreaders. At present all 
applications involve small and widely separated 
heat sources and are served by small diamond 
plates. These may be single crystals or similarly 
sized high thermal conductivity polycrystalline 
plates. Currently in development is a much more 
dramatic application where large area high thermal 
conductivity CVD diamond plates are used as 


circuit boards in an extremely dense supercom- 
puter. Even when constructed with the same elec- 
tronic devices, such a computer could be far faster 
than its conventional predecessor simply due to the 
large reduction in the distances over which signals 
must travel. As an intermediate case of area heat 
management, even a few microns of diamond on a 
more conventional AIN board significantly im- 
proves heat extraction from electronics. Large dia- 
mond plates might also be used for extremely high 
performance, albeit commensurately expensive, 
heat exchangers. The market for diamond in these 
and related applications is predicted to be $1 bil- 
lion in 5 years [138]. 

5.1.7 Electronics Endowed with good mobil- 
ity for both electrons and holes, high saturation ve- 
locity for electrons, high dielectric strength and 
high thermal conductivity, diamond appears to be 
the ultimate semiconductor for both analog and 
digital devices [139]. Figures of merit (FOM) 
derived from material limitations to device speed, 
power, and density greatly exceed those of any 
other semiconductor [140]. Promising as they are, 
such estimates must be treated with extreme cau- 
tion. For example, one simplistic estimate of the 
limiting device frequency as a function of operating 
voltage presumes carriers travelling at the satura- 
tion velocity through a distance defined by the op- 
erating voltage divided by the breakdown strength 
of diamond. Terahertz switching of 10 V is pre- 
dicted. However, closer examination of such an es- 
timate reveals that the gate length of such a device 
is only a few angstroms, well within the quantum 
regime where macroscopic concepts such as mobil- 
ity lose their meaning. When high speed switching 
of the highest possible voltage is considered, such 
objections disappear. One promising application of 
diamond is for improved power electronics [141]. 
In the case of digital circuitry, diamond’s advantage 
derives mainly from its superior thermal conductiv- 
ity. Some of this advantage might be captured by 
laminating conventional Si-based or faster GaAs- 
based circuitry on a very thin substrate to a dia- 
mond heat spreader. 

The large band gap of diamond translates to 
functionality at temperatures much higher than 
those where Si becomes intrinsic (thermally gener- 
ated charge carriers outnumber those deliberately 
introduced by doping) and device operation ceases. 
In principle, diamond electronics should operate 
up to the point of graphitization near 1000 °C. 
Even poor functionality at such high temperature 
would be so valuable as to outweigh relatively poor 
room-temperature performance. The low neutron 
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scattering cross section, radiation hardness, high 
breakdown voltage, and the chemical stability of di- 
amond also promise durable electronics for space- 
based applications, nuclear reactor control, and 
sensing chemically harsh environments. 

Diamond-based electronics is in its infancy. Only 
simple Schottky diodes, p-n junctions and a crude 
field-effect transistor have been demonstrated 
[142-144]. One handicap diamond faces is the lack 
of a shallow acceptor and the lack of any reliable 
donor. Boron is a reliable acceptor, but has an acti- 
vation energy of 0.38 eV; only 1% of the boron 
impurity is activated at room temperature. This 
translates to large changes in device characteristics 
with temperature and consequent design diffi- 
culties. For single crystal diamond, carefully con- 
trolled carbon ion implantation can produce light 
n-type doping with an apparently low activation en- 
ergy [145]. Although some researchers report n- 
type doping of polycrystalline diamond by phos- 
phorous, positive results are intermittent and re- 
ported activation energies range from 0.1 to 0.6 eV 
[146]. 

5.1.8 Sensors Semiconducting diamond is 
well suited for use as a sensor material, possibly 
with rudimentary signal conditioning, for hot, cor- 
rosive or high radiation environments. Diamond 
thermistors with reproducible behavior from 77 to 
1200 K have been demonstrated in several labora- 
tories [147, 148]. Single crystal diamond has been 
shown to have a very large piezoresistive gauge fac- 
tor, at least five times that of silicon at room tem- 
perature [147]. Furthermore, polycrystalline dia- 
mond films were found to have a usable piezoresis- 
tive response that actually increased with tempera- 
ture [149]. The large piezoresistive response of 
diamond suggests that pressure transducers, strain 
gauges, and accelerometers with very high sensitiv- 
ity may be made compatible with very harsh oper- 
ating environments. It has also been suggested that 
gas flow sensors (hot-wire anemometers) with fast 
response and high spatial resolution might be fabri- 
cated by taking advantage of diamond’s low heat 
capacity and high thermal conductivity [150]. Be- 
cause of the simplicity of such devices and the less 
stringent electronic property requirements (relative 
to active devices) low cost diamond-based sensors 
suited to harsh environments seem to be a real pos- 
sibility in the near term. 

In one fascinating very large scale application, 
diamond may be the material of choice for a large 
particle detector to surround a collision zone in the 
superconducting supercollider (SSC). Because it is 
so resistant to radiation damage, the diamond 


the diamond detector may be placed much closer 
to the reaction zone than could silicon, and there- 
fore would be proportionately smaller. This one- 
time application will require millions of carats of 
high quality diamond. 

5.1.9 Electro-optics Diamond can be made to 
emit light via electroluminescence (EL), photolu- 
minescence (PL), and cathodoluminescence (CL). 
The emission spectrum depends on both the 
method of excitation and impurities in the dia- 
mond. Blue EL devices have been constructed 
which show an emission band peaked around 430- 
440 nm [151, 152]. Other blue emitter EL devices 
based on DLC films have also been fabricated 
[153]. Picosecond high-voltage electro-optic 
switches which exploit the high breakdown strength 
and high carrier mobilities of diamond have been 
proposed [154]. 

Another important feature of diamond is its neg- 
ative electron affinity which enables it to emit elec- 
trons in vacuum at room temperature and low bias 
potential. Devices based on cold diamond cathodes 
(CDC) could be used in small gas discharge lamps, 
flat-panel computer or television displays, and, 
submicron vacuum triodes. Stable room tempera- 
ture CDC operation at high current density (10 
Amp/cm’) has been demonstrated [141]. In princi- 
ple, CDC devices should be very stable and reli- 
able. 


5.2. Diamondlike Carbon (DLC) 


Most applications described above for CVD dia- 
mond are pertinent to DLC, often with some com- 
promise in performance. However, because DLC 
can be deposited over large areas at low tempera- 
ture, it offers a range of applications vastly greater 
than that for diamond, and at much lower cost. 
With less publicity than is devoted to even the most 
doubtful diamond product, a-C:H coatings are in 
production in a variety of applications. All are re- 
lated to protective coatings. DLC coated infrared 
optics in various military systems are already in the 
field [155, 156]. These include missile domes, sub- 
marine periscopes, and night-sights for aircraft. All 
are subject to various forms of attack: dust abra- 
sion, corrosion, water droplet impacts, chemical at- 
tack from propellant gas and even barnacles. DLC 
modified for greater visible transparency is avail- 
able on premium sunglasses and ski-goggles [157]. 
These may be conveniently cleaned with fine steel 
wool! It is used on solar photovoltaic cells to in- 
crease their efficiency and windows for supermar- 
ket bar code scanners for scratch resistance. Very 
thin DLC coatings are used for protection of mag- 
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netic media on hard disks (which virtually elimi- 
nates damage from head crashes) and metal 
thin-film recording tape (where an protective anti- 
oxidation layer is necessary) [158]. DLC coating of 
tape-drive guide components in small video cam- 
eras reduces tape and camera wear, and promotes 
smoother tape motion. Because of its bio-compati- 
bility and smoothness, it is good for prostheses, 
biomedical implant, and surgical instruments. DLC 
coating of scalpels, dental instruments, surgical im- 
plants, artificial heart valves, and blood handling 
hardware have also been demonstrated. DLC coat- 
ing is also used to stiffen thin-metal high fidelity 
loudspeakers to raise their resonant frequency and 
so flatten their response in the audio frequency 
range. The superior tribological properties of DLC 
allow its use On various moving parts: copy machine 
drums, thermal printers, recorders, and printer 
heads. It may serve as a vapor barrier for various 
electronic packaging, sensors, and optical fibers. 
Given the ease with which DLC may be applied to 
metals, ceramic and plastics, the possibilities are 
uncountable. 


6. Technical Challenges 


The superior chemical and physical properties of 
diamond and DLC certainly promise innumerable 
new business opportunities. Interestingly, the capi- 
tal investment for entry into the CVD diamond 
arena is very small. The field is already congested 
with competitors large and small, conflicting and 
sometimes overly optimistic economic forecasts, 
and barely credible claims of technical break- 
throughs. Newcomers might be well advised to 
carefully target their effort to address specific ap- 
plications or well defined research challenges. For 
the purpose of discussion only, we classify these 
into two broad categories. The first of these might 
be loosely defined as “technical issues’ which re- 
late to development of a coating system to serve a 
specific purpose using processes derived from exist- 
ing technology. This may include process develop- 
ment, control and stabilization. Because so many 
diamond applications are nearing commercializa- 
tion, this type of work will generally be funded by 
and serve an industrial customer. The second area 
might be termed “economic” and relates to the 
fundamental cost structure and breadth of applica- 
tion of diamond materials. These include improv- 
ing the economics of diamond CVD relative to 
current practice (extremely inefficient and too hot 
for many substrates of interest) and the suitability 
of diamond relative to DLC or another material. 


As it addresses the essentials of the chemistry of 
diamond CVD, research in this area is relatively 
basic, and so might also garner government sup- 
port. With no claim of completeness, some specific 
examples of each type of issue are described below. 


6.1 Diamond 


6.1.1 Controls of Film Quality, Morphology, 
and Purity The ability to obtain reproducibly the 
desired structure, morphology, adhesion and chem- 
ical composition of the deposited films is a prereq- 
uisite for serious application of CVD diamond [13]. 
Film properties are strongly dependent on the 
growth parameters and deposition methods and 
must be optimized and controlled for each applica- 
tion. On occasion, properties unobtainable in as- 
grown films may be imparted by post deposition 
treatments. 


Nucleation and Growth Parameters 


It is well known that the properties of diamond 
and DLC films are complex functions of many de- 
position parameters, such as nucleation treatment, 
gas composition, substrate temperature and mate- 
rial, gas flow and reactor pressure [5-15, 159]. In 
general, some nucleation pre-treatment is neces- 
sary to obtain a complete (pinhole-free) film of 
reasonably low thickness. Most, but not all, of 
these involve scratching or bombardment with dia- 
mond powder. While a residue of submicroscopic 
diamond grit is the prime suspect, the mechanism 
of such pretreatment is not entirely clear; although 
diamond is most effective, other abrasive powders 
(e.g., SiC) do work, while the presence of an appro- 
priate fluid (for example, vacuum pump oil) 
strongly affects the efficacy of the treatment. It is 
reasonable to expect that adhesion would be en- 
hanced if diamond were nucleated directly on the 
substrate, rather than on loosely attached diamond 
residues. Methods for promoting nucleation di- 
rectly on Si have been demonstrated, and such di- 
rect nucleation has proven essential for good 
adhesion to carbide tools [160]. A variety of inter- 
layer systems have also been evaluated for their 
ability to nucleate diamond (or compatibility with 
diamond powder treatment) and enhance adhesion 
[161]. Clearly, as the first link in the diamond chain, 
control of nucleation is the essential first step in the 
control of film performance. 

Control of diamond texture and morphology is 
the second essential to diamond film applications. 
The systematics of the relationship between growth 


128 


conditions, crystal morphology, phase purity (non- 
diamond carbon) and optical properties have been 
studied [162-165]. In general, the <110> direc- 
tions are the direction of fastest growth, resulting in 
<110> texture, with mixtures of triangular (111) 
and square (100) faces on the surface. The relative 
area of triangular and square facets itself varies sys- 
tematically. Furthermore, with careful control of 
growth conditions, other textures closely approach- 
ing <100> have been obtained [117]. This permits 
growth of very smooth films which do not require 
polishing before use as optical coatings. Growth 
from carbon-rich gas mixtures or at low tempera- 
ture often results in a great deal of secondary nucle- 
ation and therefore a smoother surface. However, 
the complex internal structure may result in a me- 
chanically weak coating and compromised optical 
properties due to the formation of non-diamond 
carbon in the increased intragranular surfaces. The 
latter effect may be at least partially offset by inclu- 
sion of oxygen in the growth gas, resulting in what 
have been termed transparent ‘“‘nanocyrstalline” di- 
amond films. Heavy doping is also accompanied by 
an increase in secondary nucleation. 


Post Deposition Treatment 


Smoothness is critical to many key applications of 
diamond films. Unless prepared under the narrow 
range of conditions mentioned in the previous sec- 
tion, as-grown films usually have rough, facetted 
surfaces. Several methods have been used for sur- 
face smoothing [166, 167]. Polishing of the diamond 
against hot cast iron (300°C) takes as long as 6 
weeks to attain a smooth surface. Recently, a 
smoothing method involving gradual dissolution 
into a compressed iron film was reported [168]. 
Heat-treating the diamond at 1000 °C in a flowing 
gas of 0.01% Oy, of Ar will smooth it in 4 hours. 
Soaking in KNO; solution, surface of diamond is ox- 
idized at a fast rate, but it may be damaged if not 
done with care. Other methods of modification of 
properties include exposure to high vacuum or dif- 
ferent gases at high temperatures, electron bom- 
bardment, and ion implantation. 

6.1.2. Growth Rate Improvement Although 
growth rates approaching 1 mm/h have been 
reported, the area of film deposition at such rates is 
small (<2 cm’). Furthermore, the high energy 
density associated with such high rate growth may 
be difficult or impossible to deliver over a larger 
area because the excess heat cannot be extracted 
fast enough. In other words, these are essentially 1- 
dimensional “point” reactors, not true coating 


machines. In fact, it has been estimated that all 
types of diamond CVD reactors consume roughly 
the same amount of energy for each carat of dia- 
mond produced. Even the low range of these esti- 
mates translates to 10 kWhr/ct. This uniformity in 
energy cost for all reactors may be a reflection of 
the fact that they all work on essentially the same 
principle. At $0.10/kWhr, this is $1.00/ct, approxi- 
mately the same as industrial grade grit. Of course, 
this cost must be seen in terms of the amount of 
diamond actually required, often very little, and 
the value added to the product. Nonetheless, CVD 
diamond is not cheap. The essentials of the growth 
chemistry are still not known and the preponder- 
ance of the energy investment is almost certainly 
going to waste; we have burned the house down 
just to bake a cake. Thus, growth of diamond at a 
moderately high rate (at least 20 m/h) over large 
areas with low energy consumption remains the 
paramount “economic” challenge. 

Several minor variations on current reactor con- 
cepts have been reported. By the addition of sub- 
strate biasing and increased carbon concentration 
(up to 3% CH, made permissible by the “quality” 
improvements from the bias current) the growth 
rate was increased to 5-10 y.m/h at temperatures as 
low as 400 °C [50, 167]. Addition of O2, H20, halo- 
gen, or oxygenated organic compounds have also 
been shown to increase the growth rate [41,42,49]. 
Also, some enhancement was obtained by alternat- 
ing the carbon deposition and etching by rapid 
switching of the feed gas flows [169]. 

The next generation of reactors must invest en- 
ergy only in necessary reactions to sustain diamond 
growth at higher rate (significantly greater than 20 
mm/h) without sacrificing other desirable proper- 
ties (“quality”). Recent advances in laser-driven 
chemistry seem to point the way. Subramanian and 
coworkers recently reported excimer-laser driven 
diamond CVD in a CO/H2 mixture (0.7%) with no 
other energy input and no substrate heating [170]. 
The laser was tuned to selectively dissociate the 
CO molecule by multiphoton absorption. This 
demonstrates that it is possible to generate the es- 
sential diamond growth species by a nearly direct 
process without resort to brute force thermal or 
quasithermal techniques. 

6.1.3 Low Temperature Deposition To be ap- 
plicable to a large number of substrates which may 
be thermally sensitive, to reduce stress due to ex- 
pansion mismatch and to reduce cost, low tempera- 
ture deposition is essential. Addition of oxygen, 
water, and halogen to the feed gases results in 
some improvement of the growth rate at reduced 
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temperature [41,42,66,171,172]. Substrate tempera- 
tures as low as 250°C and diamond growth rate as 
high as 1 pm/hr have been demonstrated recently 
using an RF-plasma reactor at relatively low power 
[66]. Again, reactors operating on non-thermal 
principles would be a great improvement. 

6.1.4 Film Adhesion Adhesion is one of the 
most important criteria which determine the useful 
life of hard coatings. Several factors which affect 
the film adhesion include surface treatment, nucle- 
ation density, interlayer, and film stress [173]. Pre- 
treatment of the substrate surface by cleaning and 
etching is required to remove undesirable matter 
which may weaken film adhesion. Pre-decarburiza- 
tion of substrates has been reported to increase 
film-surface contact area, thus improving the adhe- 
sion [174]. On the other hand, pre-carburization to 
form carbides on substrates has been shown to in- 
crease nucleation density to as high as 8 x 10’° /cm’, 
therefore, adhesion is improved [175]. Introduction 
of an interlayer between the substrate and the 
coating may serve as a diffusion barrier and 
nucleation promoter to improve adhesion. It may 
also reduce stress due to thermal mismatching. The 
stress between the coating and the substrate can 
cause delamination. It can be minimized by anneal- 
ing, deposition of an interlayer, proper selection of 
substrate material, and reduction of the deposition 
temperature. 

6.1.5 Heteroepitaxy As noted earlier, some 
simple electronic applications are adequately 
served by polycrystalline CVD diamond films. 
However, it is a virtual certainty that full exploita- 
tion of diamond as a semiconductor will require 
single crystals of unprecedented size (diamond 
boules) or large area single crystal films at reason- 
able cost. At present, most serious device work de- 
pends on natural or synthetic diamond substrates. 
These are expensive and small (a 3x3 mm sub- 
strate is approximately $200). 

The “diamond substrate” problem has been at- 
tacked from two directions. First, many researchers 
have attempted heteroepitaxy on a variety of sub- 
strates. True heteroepitaxy has been achieved only 
over very small areas on cubic boron nitride (c-BN) 
and copper [176, 177]. While c-BN is a good lattice 
match with diamond, large c-BN crystals are essen- 
tially nonexistent. The latter is still a polycrystalline 
film. In an alternative approach, oriented mosaic 
polycrystalline films, where crystallites are of uni- 
form size and close orientation, have been grown 
by several methods which control the nucleation. 
Such films exhibit some electronic properties 
equivalent to those of single crystal diamond. 


Mosaic films have been formed by three methods: 
(1) “racking” of diamond powder in an array of 
pits micromachined in Si [178], (2) nucleation by 
hydrocarbon ion bombardment of SiC [160], and 
(3) a textured growth of diamond on Si by carbur- 
ization and biasing [179]. It is entirely possible that 
these mosaic films will be in all respects an ade- 
quate substitute for true single crystal films. A 
third approach which has yet to be demonstrated is 
to produce a large single crystal diamond plate by 
successively thickening (by CVD) and “shaving” 
(by oxygen ion implantation) a flat seed diamond 
[180]. The thin shavings are arrayed to make a pro- 
gressively wider seed plate which can be thickened 
and shaved to produce large single crystal sheets. 

6.1.6 Cost Reduction For CVD diamond and 
DLC technology to be widely used, reduction of 
cost is a must. To accomplish this, the yield and 
growth rate of films must be improved. At the same 
time, energy and feed gas consumption should be 
reduced. Recirculation of feed gas appears to cut 
down the gas consumption. Substitution of expen- 
sive feed gases, e.g., hydrogen and hydrocarbons, 
with low cost gases, e.g., water and CO, has been 
demonstrated [181]. Once again, non-thermal reac- 
tors may be the critical technology for broad com- 
mercialization of CVD diamond. Even for more 
conventional reactors, optimizing for stability and 
controllability could significantly enhance produc- 
tivity. 

6.1.7 Scale-up For mass commercialization 
and various applications, the capability of coating 
large surface areas and large articles is critical. 
Large scale reactors could potentially improve the 
efficiency and increase productivity. Some reactors 
with certain excitation methods are readily scalable 
while others are not. Currently, a hot-filament re- 
actor capable of depositing on substrates of 30 cm 
diameter is available. Large reactors for 45 cm di- 
ameter substrates are being planned [157]. For mi- 
crowave reactors, coating of 15 cm diameter 
substrates is available. Coating of larger substrates 
(20 cm diameter) will be possible soon [60]. As 
noted earlier, the high energy density reactors are 
suitable for “jet expansion” to cover large areas, 
but with a proportionate reduction in deposition 
rate. 


6.2. Diamondlike Carbon 


DLC can be deposited using commercial large- 
area RF coating machinery. For small-scale devel- 
opment purposes, any commercial sputter-etch 
reactor which can produce a self-bias of the sub- 
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strate relative to a plasma can be used. Several 
technical issues must be addressed in applying 
DLC. First, the very large compressive stress intrin- 
sic to the growth process places limits on film thick- 
ness. For the thickest possible films, careful 
substrate preparation is a must and interlayers are 
often required. The interfacial stress in a 2 pm film 
is sufficient to rupture single-crystal silicon. Means 
of reducing this stress must be found. Some ap- 
proaches to stress reduction involve cobombard- 
ment with high energy ions (usually Ar), 
modifications of the growth chemistry (by mi- 
crowave excitation) and inclusion of impurities 
(usually metals). These modifications may reduce 
the stress considerably, but total elimination re- 
mains elusive. The second issue is optical transpar- 
ency, if needed. As shown in figure 80, large optical 
gap and hardness appear to be mutually exclusive. 
The conditions which produce the greatest hard- 
ness seem to encourage formation of graphitic clus- 
ters opaque to most visible light. Unless the film is 
to be very thin, these clusters must be reduced in 
size or made transparent. Ion co-bombardment ap- 
pears to do the former, while addition of appropri- 
ate impurities may achieve the latter. 


7. Summary and Recommendations 


The previous sections attempt to provide a gen- 
eral overview of the state of diamond CVD and 
DLC technologies. While the authors have in- 
cluded some explicit remarks, most suggestions for 
directions for future work derive implicitly from 
the current state of affairs. The following guideli- 
nes are essentially editorial. They reflect the au- 
thors’ (possibly myopic) view of the economic and 
technical situation, and are not meant to be quanti- 
tative, objective or reflective of any industrial con- 
sensus. More complete, systematic surveys are 
commercially available, albeit at considerable ex- 
pense (cf., Gorham Advanced Materials Reports). 


7.1 Think Big—Diamond CVD is an “Enabling” 
Technology 


It has been argued that the status of diamond 
film technology today is analogous to that of silicon 
some twenty five years ago. Even though diamond 
does seem to promise some electronic devices 
vastly superior to Si-based predecessors, this anal- 
ogy should be taken more broadly. Diamond 
embodies a unique combination of superb mechan- 
ical, optical, thermal, and chemical properties. One 
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should not limit oneself to the view that CVD dia- 
mond is a “niche occupier” which exploits only one 
or two properties at a time to do established jobs a 
little better. Diamond CVD is an enabling technol- 
ogy which will open new technological opportuni- 
ties by allowing use of new material and functional 
systems. An immediate example is the availability 
of reduced-cost CVD coated tool inserts which 
might in turn make new metal-matrix composites 
cost effective in automobiles, which in turn im- 
proves fuel efficiency and reduces emissions. To 
extend the automotive analogy beyond the point of 
hyperbole, in 1913, few could have imagined the 
breadth and depth of changes to be wrought by the 
availability of low cost individual motor transporta- 
tion (the Ford Model-T). 


7.2 Economics May be Everything—Know Your 
Customer 


The drive toward CVD diamond applications 
proceeds on two fronts. At present, most effort is 
expended on identifying and developing products 
which are compatible with the current state-of-the- 
art of diamond growth. Substrate choices are lim- 
ited by the high deposition temperatures, and 
applications are constrained by the very high cost 
of CVD diamond. While “dreaming up” new dia- 
mond applications, it must be kept clearly in mind 
that the value is in the form of the diamond, not 
the diamond itself. [Many proposed diamond ap- 
plications appear to be solutions without a prob- 
lem.] Current applications are limited to those 
wherein the value lies in the “enabling” character- 
istic of diamond. Reliably identifying such applica- 
tions requires a very good understanding of the 
needs of the customer and the economics of his or 
her business. Nearly all current CVD diamond 
products fall into a very high value added, “price is 
no object” category. (The decline in government 
subsidized military aerospace research has consid- 
erably reduced the customer base for this type of 
product.) While there may be enough such applica- 
tions to support several small entrepreneurial com- 
panies (or entrepreneurial divisions of large 
corporations), they may not be the basis for a vol- 
ume industry. 

As noted earlier, the major cost of vapor- 
deposited diamond is the electricity, not the pre- 
cursor materials. The second front for attack is in 
breaking this cost-value logjam by dramatically re- 
ducing the cost of CVD diamond and thereby in- 
creasing the range of “cost effective” applications. 
This will be achieved by development of more 
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“specific” reactors which generate the requisite di- 
amond growth precursors (once they are positively 
identified) without the tremendous waste of energy 
endemic to current practice. It is entirely possible 
that this breakthrough will also lower the growth 
temperature and so expand the range of substrate 
materials correspondingly. 


7.3 More Research is Required—We Still Don’t 
Know What We’re Doing 


As described earlier, the utility of diamond and 
DLC coatings for a given application may be deter- 
mined as much by subtleties of adhesion, morphol- 
ogy and chemistry, as by the grosser properties 
(hardness, transparency) of the film. A great deal 
of research remains in gaining a fundamental un- 
derstanding of the connections between deposition 
conditions, chemical properties and atomic struc- 
ture, and film morphology. This may be basic re- 
search addressing fundamental mechanisms, or 
applied parametric studies for process optimiza- 
tion. As noted in the previous section, the preemi- 
nent research challenge is the development of a 
high-rate, low energy density next generation dia- 
mond CVD system. 


7.4 Be Aware of Other Superhard Materials — 
Diamond Isn’t Sacred 


In the rush to embrace diamond as the wonder 
coating of the century, other important material 
systems have been neglected. One of the most im- 
portant of these is cubic boron nitride (c-BN). 
Slightly less hard than diamond, c-BN is suitable 
for machining of ferrous materials, while diamond 
is not, is more resistant to oxidation, and in some 
ways is a better candidate for semiconductor elec- 
tronics. The bad news is that vapor-phase deposi- 
tion of macrocrystalline, high purity c-BN has yet 
to be demonstrated. As of this writing, CVD of 
c-BN has produced only very fine grained 
(“nanocrystalline”) films with a considerable con- 
tent of hexagonal BN (h-BN, analogous to 
graphite). Success in CVD of c-BN is potentially 
more important than the much celebrated develop- 
ments in diamond CVD. A properly coordinated 
and supported multi-disciplinary effort on c-BN, at 
least comparable to that devoted to the basics of 
diamond CVD, would be most timely. 

The flexibility offered by CVD, PVD and hybrid 
deposition processes enables deposition of innu- 
merable metastable materials with tailored atomic 
structure and chemical properties. Other super- 


hard materials include amorphous and nanocrys- 
talline ceramics formed by vapor deposition, and 
layered nanophase materials [182]. The latter con- 
sist of very thin alternating layers of vapor de- 
posited ceramic. With proper selection of layer 
thickness, these “polycrystalline superlattice” films 
are significantly harder than a thick film of either 
constituent. For example, NbN/TiN nanolayered 
films exhibit hardness in excess of 5000 kg/mm’, 
rivalling that of c-BN! 
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1.1. Description of Process 


Ion nitriding is a vacuum case hardening process 
developed for engineered steel and cast iron parts. 
The hardening takes place in the plasma of a cur- 
rent intensive glow discharge. By varying the type 
of gas a wide variety of properties can be provided 
to improve the abrasive wear resistance, gliding re- 
sistance, and corrosion resistance of treated parts. 
For many parts fatigue strength is also improved. 

Ion nitriding has many advantages over salt or 
gas nitriding. The most prominent advantages are: 


¢ single phase compound zone for greater ductil- 
ity; 

¢ better case uniformity; 

¢ shorter cycle times; 

¢ lower process temperatures; 

* ease of masking; 

¢ the process does not pollute the environment. 


In addition ion nitriding often replaces shallow 
case carburizing, carbonitriding, and various plat- 
ing processes. 

A glow discharge reaction or plasma reaction is 
set up by introducing a specific nitrogen/hydrogen 
gas mixture into a vacuum chamber, in which the 
work pieces forms a cathode with respect to the 
walls of the vacuum vessel. The nitrogen and hy- 
drogen ions and neutral atoms accelerate towards 
the work piece and heat it via the transfer of their 
kinetic energy. The hydrogen and nitrogen ions 
bombard the cathode surface providing a depassi- 
vated effect, removing oxides and other contami- 
nants. After this sputtering (or super cleaning) 
takes place the parts are elevated to an operating 
temperature generally between 800 °F-1050 °F and 
a negative potential between 400 and 1000 V. Parts 
are held for a period of time allowing the nitrogen 
to react with the alloy constituents of the steel. The 
thermochemical reaction between the alloy 
elements and the nitrogen causes the hardening to 
take place. 

The parameters which determine the case depth, 
and type of metallurgical structure obtained are 
material chemistry, gas composition, time, and 
temperature. With ion nitriding these variables can 
be controlled to custom tailor the surface layer to 
meet almost any requirement. The various materi- 
als which can be treated are noted in Table 22. 
Typical cyucles can vary from 1 h to 48 h at temper- 
ature depending on the customer specifications 
and application demands. 
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1.2 History 


From a technical standpoint ion nitriding has 
had a long history. In 1920 Franz Skaupy of Ger- 
many invented a heat treating furnace which uti- 
lized the heat of an ion discharge in an inert gas. 
As for nitriding, Egan of America proposed an ion 
nitriding method which used a corona discharge in 
ammonia gas (NH3) or (N2) gas at atmospheric 
pressure, but did not succeed with this method. In 
1932 Bernhardt Berghaus of Germany invented the 
ion nitriding method, utilizing a glow discharge. 
However, for both technical and proprietary rea- 
sons the process was not advanced commercially 
around the world until well after World War II. 


1.3. Growth of Technology 


With the introduction of the high speed breaker 
systems which control the unstable arc discharge, 
ion nitriding has prospered and grown. The supe- 
rior properties provided by ion nitriding along with 
the fact that it is pollution-free and offers consider- 
able energy and labor savings, further enhance the 
demand for the process. 

The earliest ion nitriding units in the United 
States were located at a captive user in the south- 
east and at a commercial heat treater in the mid- 
west. Worldwide there are estimated to be 
1200-1400 ion nitriding units in operation. How- 
ever, only a small portion (70-100) are operating in 
the United States. The remainder are in use in Eu- 
rope, Russia, China, Japan, and other far eastern 
countries. As one might surmise from the numbers, 
the opportunity for growth in the United States uti- 
lizing this technology is significant. 


2. Overview of Equipment 


There are numerous ion nitriding equipment 
manufacturers throughout the world. The more 
prominent ones are Nippon Denshi Kogyo of 
Japan, Surface Combustion of Maumee, OH, Abar 
Ipsen of Festerville, PA, and Klockner Ionon 
GmbH of West Germany. All offer various sizes 
and options based on user requirements. 

The ion nitriding system is composed of a vac- 
uum chamber, DC power supply, vacuum pump, 
and a gas supply system (see fig. 83). The vacuum 
chamber is pumped down to a vacuum level of ap- 
proximately 10-? or 107° Torr with a vacuum 
pump, then filled with the mixture of nitrogen and 
hydrogen, and adjusted to an operating pressure 


Table 22. Ion nitrided materials 


Steel group Hardness RC Nitriding Surface Total case Compound zone Compound 


or tensile temperature hardness depth thickness zone 
strength Ksi °F RISN inches inches type 
1. Carbon Steels 
1008 -- 950-1050 FILE HARD -- .0002-.0006 E 
1045 -- 950-1050 FILE HARD .012-.030 .00015-.0006 EorG’ 
2. Free Cutting Steels 
1118 -- 950-1050 FILE HARD -- .00015-.0006 E 
1144 28-32 RC 900-1000 . 85-90 .012-.030 .00015-.0006 E or G’ 
3. | Gray-Cast Iron 
G2500 25 ksi 950-1000 77-82 .004—.008 .0002-.0004 E 
G3500 25 ksi 950-1000 77-82 .004-.008 .0002-.0004 E 
4. Nodular-Cast Iron 
D5506 80 ksi 950-1025 82-88 .004-.012 .0002-.0004 E 
D7003 100 ksi 950-1025 83-89 .004-.012 .0002-.0004 E 
5. Malleable-Cast Iron 
M5003 75 ksi 950-1000 71-81 .004 .0002-.0004 E 
6. Case Hardening Steels 
8620 oc 950-1025 77-85 -- .00015-.004 EorG’ 
9310 -- 950-1025 77-92 -- .00015-.004 E or G’ 
7. Heat Treatable Steels 
41401 28-32 RC 900-1000 84-90 .012-.030 .00015-.0006 E or G' 
4340 28-32 RC 900-1000 84-90 .012-.030 .00015-.0006 E or G’ 
52100 36-45 RC 900-1000 84-90 .012-.030 .00015-.0006 EorG 
8.  Nitriding Steels 
Nitralloy 135 26-30 RC 900-1000 90-95 .010-.030 .00005-.0004 Eor G’ 
9. Hot Work Tool Steels 
H 13 48-55 RC 900-1000 90-94 .004-.013 .0001-.0002 E or G' 
H 19 52-56 RC 900-1000 90-94 .005-.020 .0001-.0002 E or G' 
P 20 28-30 RC 900-1000 87-91 .010-.020 .00015-.0006 EorG 
10. Cold Work Tool Steels 
A-2 54-60 RD 850-1000 90-94 .008-.012 .0001-.0003 E or G’ 
O-2 38-47 RC 850-1000 81-88 .008-.020 .00005-.0002 EorG 
D-2 55-60 RC 850-1000 90-94 .005-.010 -e == 
11. High Speed Tool Steels 
M-2 63-66 900-950 92-95 .001-.004 -- -- 
T-15 63-66 RD 900-950 92-95 .001-.004 -- -- 
12. Shock-Resisting Tool Steels 
S-7 45-55 RC 950-1025 91-94 .008-.020 .00015-.0003 EorG’ 
13. Maraging Steel 
250 250 Ksi 850-875 91-93 .002-.006 .00005-.0002 G' 
350 350 Ksi 850-875 91-94 .002-.006 .00005-.0002 G' 
14. Stainless Steels 
303 -- 1000-1050 90-95 _ .002-.005 -- -- 
410 -- 1000-1050 90-95 .004-.008 -- -- 
420 -- 1000-1050 90-95 .004-.008 -- -- 
422 -- 950-1000 90-95 .004—-.008 -- -- 
17-4 -- 1000-1050 90-95 .002-.006 ~- -- 
A286 -- 1000-1050 90-95 .002-.006 -- -- 
316 -- 1000-1050 90-95 .002-.005 -- -- 
15. Powdered Metal Tool Steels 
CPM-9V 48-55 RC 900-1000 90-94 .005-.010 -- -- 
CPM-10V 49-56 RC 900-1000 90-94 .004-.010 -= 212 
16. Sintered Powered Metal 
B-484 -- 950-1050 FILE HARD .010-.040 -- -- 


17. Titanium—All Grades — Contact AHT for Process Specifications 
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1 Vacuum Furnace 
2 Workpieces 
3 Electric Unit 


4 Temp. Regulating Device 
5 Gas Mixture 
6 Vacuum Pump 


Figure 83. Schematic of a typical ion nitriding system. 


of approximately 1-10 Torr. The vatuum chamber 
is water cooled and the glow discharge is caused by 
applying the DC voltage between the cathode 
hearth plate (or fixture ring) and the anode (vessel 
wall). The ratio of process gases as well as the 
treatment temperature is adjusted as required, de- 
pending on the material being processed and the 
required surface layer. Temperature is controlled 
with a shielded type K thermocouple or an optical 
pyrometer. Most industrial units are microproces- 
sor controlled, thus simplifying the operation to a 
large degree. 


2.1 Vacuum Chamber 


The vacuum chamber for an ion nitriding system 
generally comes in two configurations, horizontal 
and vertical. The horizontal ion nitriding chambers 
are similar to conventional vacuum chambers. 
Within the vessel a hearth plate is constructed on 
electrical supports/splitters to isolate it from the 
vessel walls. 
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The hearth plate is negatively charged and be- 
comes the cathode in a DC circuit. The parts to be 
treated are placed on the support plate and also 
become negatively charged. 

Vertical chambers are configured as bottom 
loaders (base plate) top loaders (hanging ring) or 
combination units (both the above). Vessel exten- 
sions can be added as required to handle long 
parts. O-ring seals between the extensions maintain 
the vacuum seal. Most chambers have water cooled 
jackets. However, several manufacturers utilize hot 
wall construction. 


2.2 Power Supplies 


There have been lengthy discussions and consid- 
erable controversy surrounding the best design or 
type of power supplies, often to the detriment of 
the process itself. In any case, it should suffice to 
say that the choice of the power source is one of 
personal preference. This preference is often based 
on user experience as well as the type and configu- 
ration of parts to be ion nitrided. 


2.2.1 DC Power Sources A DC power supply 
provides continuous ionization of the gas and relies 
on an electrical system with appropriate controls, 
and a choke transformer to interrupt an arc if one 
is formed. With the DC power source some, or in 
many cases all, of the heating requirements are 
derived from the created plasma. 

2.2.2 Pulse Power Source With a pulse type 
ion nitriding power supply the ionization process is 
discontinuous. Special conditions are engineered 
into a pulse power supply with the objective of ac- 
tually preventing the formation of sustained arcs, 
and at the same time separating the glow formation 
from the heating process. These units usually use 
some form of auxiliary heating. 


2.3 Heating Methods 


As previously mentioned, for many ion nitriding 
units the heating is created strictly by the bombard- 
ment of ions and neutral atoms which transfer their 
kinetic energy as they hit the work piece. However, 
there is equipment on the market today that uti- 
lizes auxiliary heat. Auxiliary heat comes in several 
forms. 

2.3.1 The Cathode Heater The cathode heat- 
ing systems require the addition of internal shields 
or cathodes which are electrically isolated from the 
wall of the vacuum chamber. At the start of each 
ion nitriding cycle the cathode “preheater” is 
turned on and heats up. The heat is then radiated 
to the work load to help heat the work pieces. At 
some point during the cycle, typically around 
400 °F, the cathode heater is turned off and the 
heating is continued by the use of the plasma. 

2.3.2 Resistance Heating Resistance heating 
generally requires the use of a low voltage AC 
power supply which is connected to graphite or al- 
loy heating elements. As with the cathode heater 
these elements heat up and radiate to the work 
pieces, thus shortening the work piece heat-up 
time. Auxiliary heat, while having its place, does 
limit the size of the work load that can be placed in 
a chamber. In addition, the graphite or alloy heat- 
ing elements also restrict the design and flexibility 
of the ion nitriding chamber. 


2.4 Operating Costs 


The successful commercialization of any surface 
treating process requires that the operating costs 
be identifiable and controllable. The primary oper- 
ating costs are electricity, process gas, cooling wa- 
ter, consumables and preventive maintenance. 

2.4.1 Electricity Electricity is the largest cost 
item in the operation of the ion nitriding system. 
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Electricity is used to provide ionization of the gases 
and, in one form or another, provide heat to the 
work piece. Electricity is also used to run the vac- 
uum pump, cooling fan, and the microprocessor 
controllers. 

2.4.2 Process Gases Process gases are com- 
posed of nitrogen, hydrogen, methane, and argon. 
These gases, while used in relatively low volumes 
compared to other heat treatments, are an impor- 
tant element for ion nitriding systems. It is neces- 
sary that the gases are of high purity and free from 
contaminants. When volumes warrant, a central 
mixing system can be used as well as the bulk gas 
systems to help reduce unit costs. 

2.4.3 Cooling Water Cooling water is used to 
cool the vacuum chamber to help prevent equip- 
ment overheating and to prevent damage to the O- 
ring seals between the chamber segments. It also 
provides a heat sink which helps the power supply 
maintain a constant current density. Cooling water 
is also used to cool the vacuum pump, as well as 
the circulation fan. The water cooling system can 
be a single pass-through system or it can utilize a 
chiller or cooling tower set-up. The most cost- 
effective method will vary with each individual cus- 
tomer. 

2.4.4 Consumables and Maintenance There 
are additional items which contribute to the cost of 
the total ion nitriding cycle. Thermocouples are 
buried in the work pieces to control the power out- 
put as well as monitor the work piece temperature. 
These thermocouples, while reusable, do break af- 
ter repeated usage and must be replaced. Thermo- 
couple splitters are required to maintain electrical 
neutrality at the point of insertion into the work 
piece. These too can be reused and cleaned; how- 
ever, they do breakdown after repeated use. Base 
plate splitters and feedthroughs need to be rebuilt 
from time to time to insure that the cathode is iso- 
lated from the vessel wall (the anode). 

Preventive maintenance is as important to an ion 
nitriding operation as it is to other forms of heat 
treatment. Vacuum pump oils need to be changed 
on a frequent basis. It is also necessary to provide 
regular cleaning to the cathode rings or hearth 
plate as well as the internal surfaces of the vacuum 
chamber and heat shield. Leak detection and elec- 
trical system calibration are also required. 


2.5 Capital Costs 


Ion nitriding costs will vary based on the options 
required by the end user. For a captive user the 
process equipment and fixturing can be specifically 
tailored to meet a customer’s part or family of 


parts. This equipment, however, may vary consider- 
ably from a commercial ion nitriding service center. 
In a commercial ion nitriding setting, the equip- 
ment must have the versatility to process a wide 
variety of applications and configurations. Ion ni- 
triding system costs range from $150,000-$750,000. 
The capital costs are broken down into three seg- 
ments; first the power supply, second the vacuum 
system and microprocessor controls, and third the 
gas mixing system. 

2.5.1 Power Supplies Power supplies com- 
prise approximately 45% of the total system capital 
costs. These power supplies will vary in design as 
well as size. The power supplies are matched by the 
equipment manufacturer to a given vessel. The de- 
sign of the power supply takes into consideration 
the customer’s expected work load. 

2.5.2 Vacuum System & Microprocessor Con- 
trols Vacuum systems and microprocessor con- 
trols comprise another 45% of total system costs. 
The mechanical pumping equipment is sized to the 
vessel to provide for a minimum pump-down cycle. 
The microprocessor controls the functions of the 
ion nitriding cycle and is programmable by the cus- 
tomer. 

2.5.3 Gas Mixing System The gas mixing sys- 
tem comprises the final 10% of the total system 
costs. The gas can be provided in bottle or bulk, 
depending on the total volume requirements of the 
heat treater. The gas mixing system combines the 
various gases used in a mixing chamber prior to 
their being disbursed into the vacuum chamber. 
The mix ratios can be easily changed to meet the 
application demands. 


3. Equipment Sizing and Work Load 
Considerations 


Ion nitriding equipment comes in all sizes. Some 
are top loading (hanging fixture), some bottom 
loading, and some a combination. In addition to 
the type and size of chamber there are various 
methods of opening and closing the vacuum sys- 
tem. Some utilize bridge cranes, some lift control 
arms, and some are manually loaded. 

Technically speaking there is no limit to the size 
of parts that can be treated with the ion nitriding 
process. However, there are some considerations 
that need to be addressed before equipment re- 
quirements can be determined. Two primary fac- 
tors for consideration are vessel size and power 
supply capacity. 

First the ion nitriding chamber needs to be of 
such size as to meet production schedules and/or 
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revenue targets. Since parts need to be spaced in a 
suitable manner, to allow the plasma to surround 
all areas of the part, preliminary loadings should be 
estimated. Typical spacing between parts are one 
to two inches. The total number of parts that can 
fit in the load are determined by the vessel dimen- 
sions, fixturing arrangement, and by temperature 
uniformity considerations. Based on the expected 
work load, the equipment supplier will size the 
power source to meet expected load demands. At 
this time it will also be determined if auxiliary heat 
is needed. 


3.1 Temperature Uniformity 


Temperature uniformity within a load is a criti- 
cal factor for parts with tight specifications or tol- 
erances. For those parts with non-stringent 
requirements a 30 °F—-40 °F variance is acceptable. 
The target range for most loads is +15 °F. 

In mixed loads of parts, the part with the great- 
est temperature sensitivity becomes the control 
item. Monitor thermocouples are also placed 
within the load to record the temperature of other 
parts. Experience dictates what parts can and can- 
not be run together. The results of the temperature 
measurements, as well as other key parameters, are 
displayed on a CRT screen and printed periodi- 
cally to a chart. 


3.2 Part Spacing 


As mentioned briefly before, parts require a 
minimum spacing to allow the plasma to uniformly 
surround the work piece. This part spacing and 
placement within the load can affect temperature 
uniformity. This is particularly true in systems that 
utilize only the DC power source for heating. 
While part placement varies with size and configu- 
ration, usually parts are loaded more densely on 
the outer circumference of the plate, gradually de- 
creasing to a point where no parts are on the cen- 
ter of the plate. This prevents excess heat build-up 
in the middle of the plate. 

3.2.1 Heat Shielding Because most ion nitrid- 
ing chambers are water cooled, the parts on the 
outer perimeter receive radiation from the inner 
parts on one side, while receiving a cooling effect 
from the cold wall water jacket on the other. To 
eliminate this situation heat shields are often made 
to surround the work loads thus “blinding” the 
part to the cold wall and providing similar radiant 
surfaces. This method of heat shielding has been 
found to aid in temperature uniformity. 


3.2.2 Fixturing and Masking One of the 
unique features of the ion nitriding process is the 
ability to mask off areas which must remain soft, or 
un-nitrided. By simply interrupting the plasma 
from making contact with the surface the work 
piece area will not be ion nitrided. 

Mechanical masking, such as sheet metal, bolts, 
pins, and plugs is regularly used to prevent the 
plasma from making contact with the surface and 
thus keeping the parts soft. The OD’s of round 
parts can be wrapped with shim stock as another 
means of masking. Other forms of masking are 
copper paints or copper plating, which generally 
adds more cost to the part. The removal of paint 
and plating products often has pollution conse- 
quences. 

Fixturing for ion nitriding is as varied as the 
parts themselves. As mentioned previously parts 
need to be spaced to allow for proper ion nitriding. 

This is often achieved through the design of fix- 
tures, whether they are in the form of base plates 
or hanging fixtures. Properly designed fixtures can 
be used to process a wide variety of parts. Because 
high temperature quenching is not required with 
the ion nitriding process, fixtures can be made of 
mild steel and be reused almost indefinitely. 
Fixtures remain free from distortion and degrada- 
tion. Periodic cleaning of the fixtures is recom- 
mended, and can be done by media blasting, or 
with a grinding wheel and wire brushes. 


4. Typical Materials 


A wide variety of materials can be ion nitrided. 
The type of treatment for each varies with the end 
use. (see Table 22 for ion nitrided materials). This 
chart shows the general effect ion nitriding has on 
each type of material. By varying the control 
parameters a wide range of results can be achieved. 


5. Typical Applications 


With the growing recognition of the superior 
properties provided by the ion nitriding treatment 
the number of various applications is growing 
rapidly. Some of these are listed in Table 23. 


6. Process Limitations 


While ion nitriding offers significant benefits, 
there are some process limitations. First, the ion 
nitriding equipment is quite expensive compared to 
other types of heat treat equipment. In addition 
the parts have to be handled and fixtured sepa- 
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rately to insure proper treatment. A second consid- 
eration is that the ion nitriding process requires 
trained or skilled technicians and operators. It is a 
relatively new process and important techniques 
and procedures are not universally known. There is 
a considerable learning curve. The third consider- 
ation is that parts need to be clean and free of 
contaminants prior to ion nitriding. This is usually 
accomplished by using vapor degreasers or alkaline 


washers. 


Table 23. Reasons for nitriding 


Tooling All 


Tooling for mfg. of plastic 
components 


Sheet metal from tooling 
Die casting dies 


Forging & extrusion 


Engineered Components 


Aerospace 
(engine pins, bushings) 


(ball screws) 


(gears) 


Oil field 
(plungers, subs) 


Automotive/Truck 


(gears) 
(steering components) 


(engine components) 


(fuel systems) 


Machine Tools 
(various components) 


Biomedical 
(hip & knee implants) 


Pumps 


Valves 


Agricultural 
(combine components) 


Reasons for Nitriding 
eliminate sticking, improve 
part release 


eliminate galling, improve 
lubricity 


eliminate sticking & 
soldering 


reduce abrasive wear, 
eliminate scale & sticking 


Reasons For Nitriding 


eliminate post heat treat 
machining abrasion 
resistance 


reduce abrasion & improve 


improve fatigue strength & 
eliminate scuffing 


eliminate post heat 
operations noise reduction 


corrosion resistance, 
improved lubricity 


reduce scuffing 
improve fatigue strength & 
abrasion resistance 


improve fatigue strength 


reduce erosive wear 


abrasion resistance 
improved lubricity 


improve abrasion 
resistance of titanium: 
components 


reduce erosive wear 
from solutions 


reduce erosion & abrasion 
eliminate distortion 


improve abrasion 
resistance 


7. Growth Opportunities 


Ion nitriding technology is relatively new and is 
in its infancy, particularly here in the United 
States. Because of this it is very important that the 
supplier of the services or the equipment manufac- 
turer carefully educates the potential end user, and 
ensures that the process is properly applied and 
the right materials are being used. There are po- 
tential applications for ion nitriding in nearly all 
industries. 


7.1 Changes From Other Treatments 


Ion nitriding readily replaces gas nitriding and 
salt bath nitriding, as well as shallow case carburiz- 
ing, and carbonitriding for many applications. Ad- 
vantages are less distortion, improved surface 
lubricity, and high surface hardness. Ion nitriding 
also replaces many plating applications, particu- 
larly for wear and abrasion resistance. In addition 
to the excellent properties provided, ion nitriding 
does not pose a threat to our environment. With 
the problems and costs associated with the disposal 
of toxic plating chemicals and stack emissions, ion 
nitriding offers a favorable alternative. 


7.2 Commercialization of Ion Nitriding for 
Titanium and Aluminum Components 


Recent advances in the technology have allowed 
the successful processing of titanium and alu- 
minum materials. Both of these materials, while 
having some excellent physical properties, lack the 
ability to resist surface wear and galling. Ion nitrid- 
ing can help in this area. With the increased use of 
titanium and aluminum base materials in manufac- 
turing, new marketing opportunities will be made 
available to the commercial ion nitriding specialist. 


7.3 Duplex Treatments 


Designers are continually stretching the limits of 
the existing materials. To extend the use of avail- 
able materials beyond their conventional limits 
they now perform what we call duplex treatments. 
These duplex treatments provide improved proper- 
ties beyond those provided by either single treat- 
ment alone. Some duplex treatments are ion 
nitriding combined with carburizing, ion nitriding 
combined with induction hardening, ion nitriding 
combined with laser hardening, and ion nitriding 
combined with selective coatings such as TIN. It is 
in these areas that market niches can be estab- 
lished, providing commercial ion nitriders with new 
opportunities. 
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7.4 


The ion nitriding process has proved to be a very 
successful industrial process. However, improve- 
ments could be made in temperature control and 
uniformity of large multi-layer loads. Incorporation 
of optical temperature sensing and controlling 
devices may help in achieving temperature unifor- 
mity. An objective determination of the advantages 
of each type of power source would be helpful. 
New environmentally acceptable, yet effective, 
cleaning materials and methods are needed. Meth- 
ods for straightforward calculation of load and load 
mixing options would ease operations for new 
users. 


Needed Improvements 


8. Summary 


Nitriding is an established and effective method 
of improving wear and abrasion resistance. The ion 
nitriding method offers numerous process and en- 
vironmental advantages over gas and salt bath ni- 
triding. With the emphasis on cost reduction, ion 
nitriding can eliminate post heat treat machining 
requirements and thus reduce costs. The process 
has excellent growth potential, which will continue 
to evolve as potential users become more aware of 
its possible uses. 


o 
[1] 
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1. Overview 

Ion implantation is a difficult concept to under- 
stand, particularly for those who are familiar with 
electrochemical and other deposition processes. 
Many of the same terms are used, but they have 
different meanings when applied to ion implanta- 
tion. In this section, we will provide a general de- 
scription of the ion implantation process and 
compare it to coating technologies. 


1.1 General Description of the Ion Implantation 
Process 


Ion implantation is a physical method of chang- 
ing surface properties by high energy ion bombard- 
ment. It involves removing electrons from atoms of 
the element in a vacuum. These atoms now become 
positively charged ions, and together with the elec- 
trons, form a plasma. Ion implantation is accom- 
plished by accelerating the ions in a electric field to 
high energy, and arranging for the accelerated ions 
to bombard the surface of the component to be 
treated. If the energy of the ions is high enough, 
they will go into the surface, not onto the surface, 


Ion implantation is a process to im- 
prove the surface characteristics of man- 
ufactured components by bombarding 
the surface with ions having sufficient 
energy to penetrate 0.1 microns or more 
into the surface. The combination of the 
new surface materials and the energy 
deposition results in significant surface 
changes, including reduced friction, in- 
creased fracture toughness, increased fa- 
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tigue life, increased hardness, and 
increased resistance to wear, oxidation 
and corrosion. 


Key words: arc source; corrosion; fa- 
tigue; friction; gas ions; hardness; ion 
beam; ion implantation; ion source; 
metal ions; MEVVA; surface modifica- 
tion; vacuum arc; wear. 


changing the surface composition. As the added 
material is in the surface, not on the surface, there 
are no adhesion problems. No heating of the 
treated part is required. Alloy solubility does not 
affect the ability of the process to change the com- 
position of the treated surface. 

At high doses the effect of the beam bombard- 
ment extends well beyond the introduction of new 
materials into the surface. Extensive changes in the 
chemical and mechanical behavior of the surface 
are observed, as summarized in Table 24. 

The result of these changes is a new surface with 
properties that are often very different from the 
bulk material. The proper selection of ion species 
and other implantation parameters determines the 
suitability of the process for a given application. 
But since every element of the periodic table, alone 
or in combinations, can be used, and since the pro- 
cess does not require any heating, ion implantation 
has the widest range of applications of all surface 
modification technologies. Table 25 lists some of 
the surface properties that can be affected with ion 
implantation [1-5]. 


Table 24. Surface effects of high dose ion bombardment 


Effect Description 
Chemical Formation of compounds and alloys of the implanted material and the 
elements of the substrate, not restricted by solubility or other factors. 
This includes the formation of ceramics-embedded layers by double 
implantation. Significant changes in the chemical reactivity of the 
surface can result. 
Structural Change in the structure of the surface, including reduced grain sizes 


and even amorphicity, such as to inhibit crack formation or propagation. 
Structural changes depend on dose and ion mass. For heavy ions, the 
changes extend 50 microns or more into the surface. 


Table 25. Surface properties affected by ion implantation 


Surface property 


Wear resistance 
plastics 


Corrosion resistance 
glasses 


Oxidation resistance 


Hardness 
ceramics 


Optical properties 


Substrate materials 


Steels, ceramics, carbides, 


Most metals, ceramics, 


Titanium, superalloys 


Most metals, plastics, 


Glasses, plastics 


Resistance to hydrogen Steels 
embrittlement 
Catalysis Ceramics, metals 


Nitride formation 
Fracture toughness 
Friction 


Fatigue life Metals 


1.2 Comparison With Coatings 


Ion implantation is not a coating process. In ion 
implantation, the existing surface of the material is 
altered by adding material into the surface, not 
onto the surface, as is the case with physical vapor 
deposition (PVD), chemical vapor deposition 
(CVD), and other coating processes. In this re- 
spect, ion implantation bears a greater resem- 
blance to nitriding and shot peening than to 
coatings. 

This is shown in figure 84, where the substrate is 
on the left. As depicted, the ion implanted surface 
consists of two distinct regions. The region nearest 


Aluminum, steels 
Ceramics, carbides 


Ceramics, steels, plastics 
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Typical implant elements 


Ti, Ti& C,N, Y&N, Ti & 
Ni, Zr, Y, Y & C, O, C, B 


Cr, Mo, Ta, Y, Ce 


Y;, Ce 


Cr, Mo, Ti, Y, Zr, Nb, Ta 


Nb, Ti, Mo, Zr, Y 


Pt, Pd 


Pt, Mo, Pa 

Ti, Mo 

Zr, Cr, Ti 

Ti, Ti & Ni, Co, Cr 


Ta, W, Re 


the surface is very narrow, often less than 0.1 ~m 
thick. In this region, all of the implanted ions 
reside. 

The second region is much thicker, extending 
over 50 ym into the surface. It is characterized by a 
significantly altered structure, including an exten- 
sive dislocation network and even phase transfor- 
mations. There is currently no agreement on how 
this region is formed by the implantation process. 
One possible explanation is that compressive 
stresses formed by the material added to the thin, 
outer layer are sufficient to cause the dislocations. 
A second explanation is that the dislocations are 


Surface Modification Processes 


THIN FILMS 


CVD Coatings 
PVD Coatings 
Ion Plating 


CASE HARDENING 


Nitriding 


Ion Nitriding 
Carburizing 


THICK COATINGS 
Electroplating 
Theemalesor oy 
Plasma Spray 


Figure 84. Surface modification process. 


formed by the ion bombardment in the outer layer, 
then propagated inward by subsequent ion bom- 
bardment [6-8]. However this region is formed, it is 
extremely important. 

Table 26 summarizes some of the differences be- 
tween ion implantation, case hardening processes 
(nitriding, et al.), and hard coatings (CVD or PVD 
titanium nitride, aluminum oxide, et al.). Note that 
primary differences include the range of materials 
treated and the temperatures involved in the pro- 
cesses. 


2. Typical Commercial Equipment and 
Treatment Methods 


In this section, we review the three methods of 
ion implantation: beamline ion implantation, di- 
rect ion implantation, and plasma source ion im- 
plantation. We then provide an overview of the ion 
implantation process, and conclude with descrip- 
tions of some of the commercially available equip- 
ment. 
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2.1 Ion Implantation Methods 


Ion implantation is a relatively simple process. 
By removing electrons from atoms in a vacuum, a 
combination of positively charged ions and nega- 
tively charged electrons, called a plasma, is formed. 
Electric fields affect the plasma constituents. Posi- 
tive electrodes attract the electrons and repel the 
ions; negative electrodes attract the ions and repel 
the electrons. If the electric field is strong 
enough —over 50000 V—the ions will bombard the 
negative electrode with enough energy to penetrate 
the surface—and hence ion implant that surface. 
Of course, the negative electrode can be a screen, 
in which case many of the ions attracted to the 
screen will pass through—ion implanting anything 
behind the screen. In effect, then, ion implantation 
consists of two steps: form a plasma of the desired 
material, and find a means of making the surface to 
be implanted the negative electrode of a high 
voltage system. The system to form the plasma is 
called the plasma source; the system to move the 
ions to the target is called the accelerator. We refer 
to the combination as the ion source. 


Table 26. Comparative features of ion implementation, case hardening, and hard coatings 


Metal ion Case hardening Hard coatings 
implantation (nitriding, (CVD and PVD) 

ion nitriding, 

carburizing) 
Process < 300 °F 900-1000 °F CVD 1750-1950 °F 
temperature PVD 400-950 °F 
Thermal No Sometimes Sometimes 
distortion 
Bulk property No Sometimes Sometimes 
changes 
Treatable Metals, ceramics, Ferrous alloys Metals, ceramics 
materials plastics, glass only 


Wear, hardness, 
corrosion, friction, 
etc. 


Surface property 
changes 


There are three methods commonly used for ion 
implantation. They differ in the way in which they 
accomplish the two steps listed above. The three 
methods are beamline ion implantation, direct ion 
implantation, and plasma source ion implantation 
(also referred to as plasma ion immersion). 

2.1.1 Beamline Ion Implantation In the case 
of beamline ion implantation, the plasma that is 
formed is not pure —it contains materials that one 
does not wish to implant, such as chlorine —so 
these must be separated from the plasma. To facili- 
tate this separation, the plasma source is placed at 
high voltage and the target at ground—thus the 
target is at a negative potential with respect to the 
plasma source. An electrode structure, with holes 
for ion escape, lies between the two. The ions pass 
through the holes in the electrode structure, accel- 
erating to high energies, and travel to the target. 

Between the electrode structure and the target is 
a large magnet, with magnetic field perpendicular 
to the direction of the ion motion. Ions passing 
through this magnetic field are bent by the field. 
The amount of bending depends on the ion mate- 
rial and charge. Heavy ions bend less than light 
ions. By proper selection of the magnetic field, the 
desired ions can be steered to the target, while the 
undesirables are expelled from the system. 

A sketch of a typical beamline ion implantation 
system is shown in figure 85. A plasma is formed in 
the Ion Source and the ions extracted at high ener- 
gies in a tight beam, passing through the Ion 
Source Isolation Valve into the beamline. The 
beamline consists of the Analyzing Magnet, 
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Mostly wear and 
hardness 


Wear, hardness, 
corrosion, friction, 
etc. 


Quadrupole Magnet, and Beam Scanning Magnets. 
The Analyzing Magnet bends the “good” ions into 
the opening of the Quadrupole Magnet; the “bad” 
ions are discarded against the beamline walls. The 
Quadrupole Magnet focuses the ions and directs 
them into the Beam Scanning Magnets, which 
sweep the ions across the surface of the targets lo- 
cated in the Target Area of the End Station. The 
End Station Isolation Valve separates the End Sta- 
tion from the beamline. 

The need for the magnet to separate the good 
ions from the bad ions makes beamline ion implan- 
tation both very expensive and limited in through- 
put. The magnet is costly to build and consumes a 
very large amount of energy. In addition, the 
spread of the ions, or the ion beam, must be small 
in order to be properly bent to the target, but the 
number of ions cannot be very high or self-repul- 
sion (remember that all of the ions have a positive 
charge) will cause the beam to blow up. 

For the formation of metal ions, beamline ion 
implantation can present a toxicity problem. To ob- 
tain high currents of metal ions, a plasma source is 
usually used that forms the plasma by initiating an 
electric discharge in chlorine or other toxic gas. 

The great advantage of beamline ion implanta- 
tion systems is that they can be used to generate an 
ion beam of every element in the periodic table. 
Moreover, the ion beams that are generated, be- 
cause of the bending magnet, are extremely pure. 
Beamline ion implantation is used extensively in 
the electronics industry to dope semiconductors 
because such purity is very important. For other 


Beamline Ion Implantation System 
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Figure 85. Beamline ion implantation system. 


ion implantation applications, beamline systems 
are less useful because of their high costs and lim- 
ited throughput. A high current from such a system 
is 10 mA nitrogen, which corresponds to a through- 
put of around 200 m? per year. 

2.1.2 Direct Ion Implantation If the ion 
source can produce a plasma of just the desired 
material, then the very costly, beam current limit- 
ing, analyzing magnet can be eliminated. In such a 
case, the beam current is unlimited, costs are 
greatly reduced, and high-throughput processing is 
a reality. 

We refer to such a system as a direct ion implan- 
tation system, depicted in figure 86. A plasma is 
formed in the Ion Source and the ions extracted at 
high energies in a wide beam, passing through the 
Ion Source Isolation Valve directly into the End 
Station, where they ion implant targets within the 
Target Area. 

It is relatively easy to generate a pure plasma of 
a gas, such as nitrogen. Indeed, in the fusion re- 
search programs around the world gas ion sources 
are in operation with beam currents in the 100 A 
range—10000 times the highest achieved with 
beamline systems. Thus, the first direct ion implan- 
tation systems were designed for gas ion implanta- 
tion only. Recently developed nitrogen direct ion 
implantation systems have beam currents in the 50 
mA range [9]. 
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Direct Ion Implantation System 


ION SOURCE 


ION SOURCE ISOLATION VALVE 


END STATION 


TARGET AREA 


Figure 86. Direct ion implantation system. 


Using the cathodic arc phenomenon, pure plas- 
mas of metals can be generated. This process is 
used in an ion source for direct metal ion implanta- 
tion systems [10]. To date, beam currents in the 50 
mA range have been formed. As in the direct nitro- 
gen ion implantation case, much higher currents 
and throughputs are in development. Many-am- 
pere systems, with throughputs more than one hun- 
dred times that of beamline ion implantation 
systems, and costs less than one tenth that of 
beamline ion implantation systems, should be avail- 
able in 2 to 3 years. 


2.1.3 Plasma Source Ion Implantation A final 
variation of the ion implantation process is the 
simplest in concept: make the target the negative 
electrode. In plasma source ion implantation 
(sometimes referred to as plasma ion immersion), 
the vacuum chamber holding the part is flooded 
with plasma. Ions are extracted from the plasma 
and directed to the surface of the part by biasing 
the part to very high negative voltages. Because of 
the bias, the ions impinge virtually at nearly 90° to 
all of the external surfaces, the optimum ion im- 
plantation angle [11]. 

Figure 87 is sketch of a plasma source ion im- 
plantation system. The Plasma Source floods the 
chamber of the End Station with plasma. The 
targets are placed into the Target Area and at- 
tached by the High Voltage Bias Connection to a 
pulsed, negative high voltage power supply. When 
the high voltage is on, ions are pulled from the 
plasma into the surfaces of the targets. 


Plasma Source lon Implantation System 
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Figure 87. Plasma source ion implantation system. 
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Plasma source ion implantation is listed last be- 
cause, while it is the simplest in concept, it is per- 
haps the most difficult in practice of the three ion 
implantation methods. To make this process work, 
the bias voltage must be pulsed, with a very short 
pulse length. Otherwise, an arc will form between 
the part to be implanted and the chamber walls or 
other grounded electrodes, damaging the part. A 
second problem is knowing how much plasma hits 
the surfaces of the part, and where it goes. Ion 
beams are easy to measure and direct; plasmas are 
not. 

Plasma source ion implantation lacks the ver- 
satility of beamline and direct ion implantation. It 
cannot treat insulators without the addition of a 
biased screen, adding to the system complexity. It 
is virtually limited to gas ions. Metal ions coat at 
low voltages. During the dead time between pulses, 
the metal will coat the target, and ion implantation 
alone will not occur. 

There are safety problems that must be dealt 
with in plasma source ion implantation as well. As 
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the target must be biased to deadly voltages, steps 
must be taken to ensure that the targets are not 
charged up when the chamber is opened for target 
removal. In addition, the target will emit electrons 
when it is hit by the high energy ions. In beamline 
and direct ion implantation, the emitting electrons 
have very little energy, and do not cause a problem. 
In plasma source ion implantation, these electrons 
are given a significant energy from the negative 
bias. They have enough energy to produce x rays 
when they strike the chamber walls. Care must be 
taken to shield the chamber walls. 


2.2 The Ion Implantation Process 


The ion implantation process is much less so- 
phisticated than other surface treatment processes. 
Indeed, it is perhaps the most brute-force tech- 
nique in the vacuum processing arena. Very little 
needs to be done to the components before treat- 
ment; seldom is any post-treatment processing re- 
quired at all. The process itself is very controllable, 
and very forgiving in that a precise exposure is not 
needed. We review the step-by-step procedure for 
ion implantation. 

2.2.1 Pre-Treatment The pre-treatment for 
ion implantation consists of cleaning the parts to 
remove surface contaminants, such as hydrocar- 
bons. Even though the high energy ions sputter 
clean the component surface while ion implanting 
it, cleaning is still needed for two reasons: to pre- 
vent contamination of the vacuum system; and to 
maintain consistency. Note, however, that a failure 
to properly clean the surface seldom causes im- 
planted parts to perform at below expected levels, 
and often actually improves performance. Thus, 
cleaning is far less critical than for coatings, where 
surface contaminants can greatly reduce coating 
adhesion. 

A typical cleaning sequence would entail de- 
greasing in a standard detergent, such as Alconox, 
an acetone or deionized water rinse, and a final 
methyl alcohol rinse, usually in an ultrasonic 
cleaner, to remove the acetone or water from the 
first rinse and any grease that was not removed in 
the detergent wash. Vacuum outgassing — heating 
the part in a vacuum furnace to drive out all of the 
contaminants — works well, if the parts can take the 
temperature. 

2.2.2 Ion Implantation After the parts are 
cleaned, they are placed in the vacuum chamber 
for ion implantation. In most beamline systems, the 
beam is horizontal, and the components must be 


mounted against a vertical surface for ion implan- 
tation. In direct ion implantation systems, the ion 
beam is often vertical, so components to be treated 
can be mounted, or simply placed on a horizontal 
table. In plasma source ion implantation, compo- 
nents have to be mounted to a high voltage fixture. 

As the ion implantation process is performed at 
a temperature as close to’ room temperature as is 
possible, beamline and direct ion implantation vac- 
uum chambers do not contain heating elements, 
nor is there any need to cool the chamber walls, 
although the walls of a plasma source ion implanta- 
tion system are often cooled to remove heat from 
electron bombardment. The ion bombardment 
does heat the components, and thus most of the 
fixtures are cooled. 

The processing time depends on the temperature 
that the component being treated can withstand, 
and the required dose. For a fixed dose, the shorter 
the processing time, the hotter the component will 
become. To maintain temperatures below 150 °C, 
the processing time is on the order of 1 hour for 
commonly used doses. _ 

In beamline ion implantation systems, the beam 
and the parts are moved to obtain coverage over 
the desired surfaces. In direct ion implantation sys- 
tems, the ion beam is much wider and harder to 
sweep, so only the parts are moved. In plasma 
source ion implantation, no movement is needed. 

In all cases, process control is quite easy. Ion 
beams and plasmas can be measured and moni- 
tored with simple electrical equipment, so under- 
processing can be prevented. Over-processing is 
seldom a problem. The ion implantation process is 
more or less a threshold process in that once a min- 
imum dose is attained there is little sensitivity of 
the surface properties to the implanted dose. 

2.2.3 Post-Treatment There is none. 

2.2.4 Quality Control The actual distribution 
of the ion implanted material in the surface can be 
determined by Rutherford backscattering (RBS) 
and Auger electron spectroscopy (AES). AES is 
destructive. While RBS is not destructive, the sam- 
ple sizes that can be put in the measurement cham- 
ber are generally so small that the part must be cut. 

When metal ions are implanted, the dose rela- 
tive to an implanted standard can be measured 
non-destructively by x-ray fluorescence (XRF). Un- 
like AES and RBS, XRF does not require a vac- 
uum. Simple, commercially available equipment, 
ranging in price from $20,000 to $50,000, can be 
used. Such equipment can examine a part in sec- 
onds, making the process ideal for post-treatment 
quality control [12]. 
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2.3 Commercially Available Equipment 


The choice of type of system is more complicated 
than choosing one of the three listed above. A sec- 
ond issue is the type of ions desired. Boron, phos- 
phorus, and arsenic are very important ions for 
doping silicon, and beamline systems are used ex- 
tensively in the semiconductor industry for this 
purpose. Gas ions,such as nitrogen, are very effec- 
tive in many wear applications. Metal ion implanta- 
tion is far more versatile; in addition to wear 
applications, metal ion implantation can be used to 
reduce corrosion, form catalytic surfaces, increase 
fatigue life, increase fracture toughness, change 
conductivity, etc. Even in the wear resistance area, 
metal ion implantation can be used with more ma- 
terials and more applications. 

Until the development of cathodic arc metal ion 
sources, metal ions could only be obtained from 
beamline ion implantation systems, and at levels 
well below those of nitrogen, so metal ion implan- 
tation was much more expensive than nitrogen ion 
implantation. Cathodic arc metal ion sources pro- 
duce high current beams of pure metals, and thus 
can be incorporated into high throughput direct 
ion implantation systems. Metal ion implantation 
with such systems is cost competitive with nitrogen 
ion implantation. 

Direct, beamline, and plasma source ion implan- 
tation systems are available for both research and 
production ion implantation, both domestically and 
from foreign suppliers. As mentioned previously, 
beamline systems are the most versatile, but typi- 
cally cost two to three times direct or plasma 
source systems. They are also far more expensive to 
operate, and require more space. 

The primary measure of the throughput of an 
ion implantation system is the beam current. The 
higher the beam current, the higher the through- 
put. It is difficult to compare systems where the 
applications are different, however, as the total 
beam current needed (the ion implantation dose) 
varies with the ion species. As an example, the im- 
plantation dose for nitrogen is usually 3 x 10'’/cm’, 
whereas for titanium it is usually one-third of that 
amount. However, the applications are generally 
not the same. 

Beamline systems are manufactured by Whick- 
ham Ion Beam Systems Ltd.’ (Darlington, Eng- 
land) and Danfysik A/S (Jyllinge, Denmark). Both 


1 Certain commercial equipment, instruments, or materials are 
identified in this paper to specify adequately the experimental 
procedure. Such identification does not imply recommendation 
or endorsement by the National Institute of Standards and 
Technology, nor does it imply that the materials or equipment 
identified are necessarily the best available for the purpose. 


companies produce systems that can generate up to 
ten milliamperes of nitrogen, six milliamperes of 
chromium, and lesser amounts of other metals. The 
Danfysik 1090 ion implantation system is shown in 
figure 88. 

Tecvac (Stow cum Quy, Cambridge, England) 
manufactures direct nitrogen ion implantation sys- 
tems. They currently offer two systems for sale. 
Their standard system is the Tecvac 221, with an 
output of three milliamperes. They also manufac- 
ture one with an output of 45 mA, based on a mag- 
netic “bucket” design. An interesting aspect of 
Tecvac systems is that their rectangular vacuum 
chambers are equipped to hold the ion source on 
any wall, thus allowing ion implantation from any 
orientation, or the use of multiple ion sources. The 
Tecvac 221 is depicted in figure 89. 

Only one company manufactures direct metal 
ion implantation systems, ISM Technologies, Inc., 
located in San Diego, California. Based on ca- 
thodic arc technology, the MEVVA® (standing for 
MEtal Vapor Vacuum Arc) ion source produces a 
high current beam of ions of almost any metal —in- 
cluding platinum and other heavy ions that are ex- 
tremely difficult to obtain from other ion sources. 
In addition, the MEVVA ions are largely multiply 


charged. This gives them higher energy for the 
same applied voltage. Figures 90 and 91 are photo- 
graphs of MEVVA metal ion implantation systems 
built by ISM Technologies [13,14]. 

Table 27 summarizes the cost and performance 
of systems manufactured by Danfysik, Tecvac, and 
ISM Technologies, as regards performance and 
cost. A number of assumptions went into the 
preparation of this table: 


1) We assume two shift operation at 80% duty 
cycle. The down time includes time for batch 
change-out, including pump down time. 
Doses are 3X10'/cm? for nitrogen ion 
implantation (Tecvac_ specifications for 
chromium-plated tools), and 1x 10!/cm? for 
metal ion implantation (ISM specifications 
for tool inserts). 

Labor costs are assumed to be $120,000 per 
year. 

Power consumption is assumed to be $225 
m?/yr implanted for beamline systems, and 
$45 m’/yr for direct systems. The higher value 
for the beamline systems is to power the 
bending magnet. 


2) 


3) 


Figure 88. Danfysik 1090 ion implantation system, manufactured by Danfysik A/S, Jyllinge, Denmark. 


(Courtesy of Danfysik.) 
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Figure 89. Tecvac 221 gas ion implantation system, manufactured by Tecvac Ltd., Stow cum Quy, 
Cambridge, England. (Courtesy of Tecvac, Ltd.) 


Figure 91. MEVVA IV 100-50 metal ion implantation system 
manufactured by ISM Technologies, Inc., San Diego, CA. 
(Courtesy of Nippon Steel Corp.) 


Figure 90. MEVVA IV 80-10 metal ion implantation system 
manufactured by ISM Technologies, Inc., San Diego, CA. 
(Courtesy of ISM Technologies, Inc.) 
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Table 27. Ion implantation cost comparisons 


System Throughput Capital cost Operating cost Implant cost 
(m*/year) (x 10°) (x 10/yr) ($/cm?) 

Danfysik 1090 200 $1,000 $182 $0.16 
(metal) 

MEVVA IV 80-10 200 $450 $146 $0.11 
(metal) 

MEVVA IV 100-50 1000 $1,000 $250 $0.04 
(metal) 

Danfysik 1090 110 $1,000 $148 $0.26 
(gas) 

Tecvac 221 70 $400 $125 $0.28 
(gas) 

Tecvac bucket 1000 $1,400 $190 $0.04 
(gas) 

4) Metal consumed in metal ion systems is as- 3. Uses 


sumed to cost $60 m’/yr. The cost of nitrogen 
consumption is assumed negligible. Other 
consumables (back fill gas, etc.) are assumed 
to cost $25 m/’/yr for all systems. 

5) We assume that the capital cost of the sys- 
tems is amortized over a 7 year time period. 


It is important to note that the cost of the im- 
plantation systems scales approximately as the 
square root of the throughput. Thus, the TecVac 
system with a throughput of 1000 m7/yr costs 3.5 
times that of the 70 square meter per year system; 
the square root of the throughput ratio, 15, is 3.87. 
Similarly, the MEVVA IV 100-50 costs 2.2 times 
the MEVVA IV 80-10, and has five times the 
throughput. The square root of five is 2.2. At the 
same time, labor costs dominate the annual operat- 
ing costs. As only one man is needed per shift, re- 
gardless of system size (within this size range), ion 
implantation with the larger systems is much 
cheaper than with the smaller units. 

As can be seen, ion implantation with beamline 
systems is more expensive than with direct systems. 
This is particularly reflected in the relative costs of 
metal ion implantation, where two systems with the 
same throughput are compared. It is also reflected 
in the costs to implant with the larger direct ion 
implantation systems, where costs are in the $0.04 
per square centimeter range, a value well below 
that achievable with beamline systems. Plasma 
source ion implantation systems should have costs 
similar to those of direct systems. 
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At the time that ion implantation was introduced 
as a means of improving surface properties such as 
wear and corrosion resistance, only expensive 
beamline ion implantation equipment, designed for 
research or semiconductor implantation, was avail- 
able. In addition, the process was thought to be 
useful only in mild wear situations, because it was 
thought by non-experts in the field that the im- 
planted zone represented the extent of the protec- 
tion. As a result, ion implantation was thought to 
be a specialized process suitable only for high cost, 
small items. 


3.1 Biomedical 


The largest use of ion implantation is in the 
biomedical field. It has been found that titanium 
alloys have excellent mechanical and chemical 
properties for use in medical prostheses — artificial 
hips, knees, etc. However, the wear resistance of 
titanium is not very good, as it is subject to galling. 
It has been found that ion implantation of nitrogen 
and/or carbon into titanium alloys makes them very 
resistant to galling. Today, ion implantation is used 
extensively to treat the wear surfaces of medical 
prostheses made from titanium alloys. 


3.2 Tools 


Molds and dies used to form plastic components, 
mint coinage, and generally fabricate components 


are regularly implanted to increase life. Two ap- 
proaches are applied: direct treatment of the mold 
or die, and treatment of the mold or die after elec- 
trodeposition of chromium. In this latter case, it 
has been found that dies and molds coated with 
chromium can be reused after the chromium wears 
down by stripping off the chromium and re-coating. 
However, this can be accomplished only a limited 
number of times before the die or mold is damaged 
to a degree that reuse is impossible. As some of 
these components cost over $250,000 to manufac- 
ture, any increase in life of the chromium coating is 
of considerable interest. Ion implantation, typically 
with nitrogen, increases by around a factor of two 
the life of the chromium coating without reducing 
the number of times it can be stripped and re- 
placed. 

Punches are being implanted with great success. 
The outer circumference of the punch is im- 
planted. As a result, not only does one increase the 
life of the punch, but the punch can be reground, 
retaining extended life without ion implanting a 
second time. In fact, in some cases the punch lasts 
longer after the regrinding. Similarly, knives need 
be implanted on one side only to allow resharpen- 
ing. Tests have been conducted comparing V- 
shaped knives implanted with carbon or nitrogen 
on one side with unimplanted and titanium nitride 
coated. In all of the tests, the implantation in- 
creased the life by a factor 3.5 to 4, even after 
resharpening. The coating increased the life 1 (no 
change) to 2.5 times the first time around; after 
resharpening, the coated knives lasted only half 
that of uncoated, unimplanted [15]. 

Cutting tools have been implanted for some time 
with varying degrees of success. Generally speak- 
ing, if the material being cut is very hard, the im- 
plant will have little effect on the life of the tool, 
probably because the failure mechanism for the 
tool has little relation to the tool surface. If, on the 
other hand, the material being cut is not particu- 
larly hard, ion implantation will increase the tool 
life by a factor of two to five. 

Tool inserts are a subset of the cutting tool mar- 
ket, and latest to be treated by ion implantation. 
Generally, the harsh conditions associated with the 
cutting applications where tool inserts are used— 
turning, grooving, drilling, threading, and milling of 
metals —were considered too severe for the surface 
effects of ion implantation to produce any improve- 
ment. A group of machinists at Corpus Christi 
Army Depot, with support from the Army Materi- 
als Laboratory, proved otherwise, demonstrating 
that nitrogen ion implantation of both uncoated 
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tungsten carbide and titanium nitride coated tung- 
sten carbide tool inserts will more than double tool 
insert life and increase the life consistency for cut- 
ting stainless steel. Subsequently, it has been found 
that metal ion implantation can provide similar in- 
creases in tool life for cutting other steels, titanium 
alloys, cast iron, fiberglass, phenolics, and a wide 
variety of other metals. In addition to increased 
life, use of implanted inserts results in faster cut- 
ting, more consistent insert performance, and bet- 
ter surface finish. 

Tool inserts give a good idea of the effect of ion 
implantation when used in wear applications. Fig- 
ure 92 is a scanning electron microscope (SEM) 
photograph of the surface of a corner of coated 
tool insert after cutting four parts. Figure 93 is a 
similar photograph of a corner of a coated tool in- 
sert that was ion implanted with nickel and tita- 
nium prior to use, after cutting seven of the same 
parts. The unimplanted tool insert surface is signif- 
icantly rougher, even though it cut fewer parts. In 
addition, the surface is damaged beyond the edge 
area that was in contact with the material being 
cut, while the same surface on the insert that had 
been implanted appears untouched. 


3.3 Aerospace 


Several years ago, the U.S. Navy explored the 
use of ion implantation to improve the corrosion 
resistance of ball bearings for their jet engines. 
This work culminated in a Manufacturing Technol- 
ogy program that proved that chromium ion im- 
plantation could increase the life of the bearings by 
a factor of 2.5; that the cost to implant the bearings 
was less than the cost of a new set of bearings; and 
that the savings from reduced overhauls, combined 
with reduced bearing costs, would provide a benefit 
to cost ratio of around 20:1 [16]. Despite these ex- 
ceptional results, the Navy has taken no steps to 
equip its jets with ion implanted bearings. 

Recently, the U.S. Army has taken up where the 
Navy left off, exploring the use of ion implantation 
to improve the performance of a number of Army 
helicopter components. These include bearings, 
gears, and pillow blocks subject to wear and/or cor- 
rosion. To date, ground tests have been conducted 
with great success, demonstrating significant in- 
creases in component lifetimes. Additional tests 
have been conducted on the effect of ion implanta- 
tion on the fatigue life of implanted components, 
to determine if there is a possibility that ion 
implantation of components can lead to reduced 
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Figure 92. Coated tungsten carbide tool insert after use. SEM photograph. Insert cut four parts before machinist decided it could no 


longer be used. (Courtesy of ISM Technologies, Inc.) 


fatigue life and potential catastrophic failure. 
These tests have not shown any evidence of re- 
duced fatigue life. As a result, the Army will con- 
duct flight tests of ion implanted components, with 
the intent of introducing ion implantation as a 
standard treatment method for its components. 
The Navy is actively involved and supporting the 
Army program [17]. 


4. Future Advances 


Ion implantation has been recognized in Japan 
as a technology of the future, worthy of priority 
consideration. At least four Japanese companies 
have invested heavily in the field—Nippon Steel 
Corporation, Nissin Electric, Mitsubishi, and Kobe 
Steel, Ltd. As a result, it is safe to say that the 
future of ion implantation is quite bright. In this 
section, we relate areas where future advances are 
likely to open up business opportunities for both 
small and large companies: the treatment of non- 
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metallic materials, such as ceramics, plastics and 
glasses; applications in the automotive field; and, 
last, the potential for combining ion implantation 
with other treatment processes. Before discussing 
these opportunities, we review some of the areas 
where further work is needed to fully commercial- 
ize ion implantation, and the development of new 
equipment with lower cost and higher throughput 
that will be needed to meet the needs of this 
emerging industrial process. 


4.1 Problem Areas 


As we discussed early in this chapter, there is a 
great deal of disagreement as to the mechanism by 
which ion implantation increases the wear resis- 
tance of materials. This is partly due to the fact 
that the mechanism is not the same for all wear 
systems, as might be expected. It is also due to the 
fact that tribological testing is extremely difficult, 
particularly in mild wear applications. Improve- 
ments in this area could lead to more information 
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Figure 93. SEM micrograph of titanium/nickel implanted, coated tungsten carbide tool insert after use. Insert cut seven parts before 
machinist decided it could no longer be used. (Courtesy of ISM Technologies, Inc.) 


on the mechanisms, and extend applications much 
further. 

The problem in tribological testing of wear com- 
ponents is duplicating in the laboratory the condi- 
tions that the actual components see in use. It is 
extremely hard to even determine the conditions. 
Even if a particular wear environment can be du- 
plicated, if the wear is extremely mild, realistic 
tests can take years to run. Techniques that accel- 
erate the wear rate, mostly by increasing the ap- 
plied load, may work for changes in bulk materials, 
but for surfaces modified by ion implantation usu- 
ally yield inaccurate information. For example, 
such increases in load can change the system from 
one of mild wear, where the oxidation rate equals 
the wear rate, to one of severe wear, where the 
oxidation rate is less that the wear rate. If ion im- 
plantation affects the oxidation rate, the effect will 
be obscured by the change in wear regime. Thus, 
improvements in tribological testing are needed be- 
fore the ion implantation process can be accepted 
for many applications. 
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Treating interior surfaces of tubes and pipes is 
virtually impossible for ion implantation. Even with 
plasma source ion implantation, it is difficult to 
treat interior surfaces where the depth to diameter 
ratio is greater than one. There are many areas 
where this is inadequate, such as the nozzles for 
water jet cutters. 

Finally, there is still a large area to be explored 
in regard to optimum ion implantation parameters, 
including ion species, ion energy, implantation 
dose, and ion current density. Most research on ion 
implantation has been done at parameters that 
reflect the available equipment, not the optimum 
parameter range. For instance, a_ significant 
amount of work has involved ion implantation with 
beam energies in the million electron volt range. 
While the results have been quite good, the energy 
is too high for production work. New equipment is 
now available, such as the MEVVA metal ion im- 
plantation systems, and new processes, such as 
plasma source ion implantation, that open new ar- 
eas for exploration with excellent prospects for 


production. Analysis needs to done of their appli- 
cability, and appropriate specifications written such 
that a designer needs only to call out a process, 
rather than spelling out the details of the implanta- 
tion. 


4.2 Equipment 


Before entering into an extensive discussion of 
future advances in applications of ion implantation, 
it is useful to remember that cost plays an impor- 
tant role in determining the utility of any technol- 
ogy. The acceptance of the ion implantation 
process by industry has been hampered by the lack 
of high throughput, low cost ion implantation 
equipment. The most dramatic advances in this 
area have been in the development of high 
throughput direct metal ion implantation systems. 

Large scale systems to directly extract gas ions 
have been developed for the fusion program and 
for ion thrusters. Thus, in the area of gas ion im- 
plantation, little additional development is actually 
needed. 

As metal ion implantation has many more appli- 
cations than gas ion implantation, which is largely 
limited to wear reduction in metals, developments 
in the metal ion implantation field are very impor- 
tant. As has been previously noted, beamline ion 
implantation systems have reached close to their 
maximum throughput capability for metal ions. 
Fortunately, direct metal ion implantation systems, 
most based on cathodic arc technology, have al- 
ready exceeded beamline throughput levels by a 
factor of five, and much larger systems are under 
development. It is anticipated that systems with 
throughputs in excess of 5000 m? per year will be 
commercially available within 2 years. 


4.3 Non-metallic Materials 


As described in the last section, ion implantation 
greatly increases the wear resistance of tool inserts. 
Since most tool inserts are made out of cobalt-ce- 
mented tungsten carbide, a cermet material, and 
coated with ceramics, such as titanium nitride, it 
would be natural to assume that ion implantation 
could be used to improve the surface properties of 
monolithic ceramic materials. This is indeed the 
case. 

While ceramic systems are simpler than metals, 
the highly-ordered ceramic structure yields some 
very interesting results. For example, ion implanta- 
tion of metals almost always results in an increase 
in surface hardness. In the case of ceramic materi- 
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als, if the ceramic remains crystalline, the surface 
hardness will be increased by ion implantation. 
However, it is possible for implantation to make 
the surface amorphous, in which case the surface 
will become softer. In either case, the implantation 
results in reduced crack formation and propaga- 
tion, and accordingly reduced wear. There is also 
data indicating that the fracture toughness of ce- 
ramic materials is increased by ion implantation 
[18]. 

The most exciting results of ion implantation of 
ceramic materials were obtained in experiments 
conducted by the Southwest Research Laboratory 
in San Antonio, Texas. The project was to find ma- 
terials suitable for high temperature, adiabatic in- 
ternal combustion engines—engines operating at 
temperatures too high for steel or normal lubrica- 
tion systems. Ceramic materials such as silicon ni- 
tride were selected for potential cylinder liners, 
with titanium carbide chosen for the piston rings. 
Without any surface treatment, sliding tests at ele- 
vated temperatures yielded coefficient of friction 
values in the range of 0.6—far too high for engine 
use. 

Lubricating metals were deposited onto the sur- 
face of the cylinder liner, but these wore off in a 
very short time. It was only when the researchers 
turned to ion implantation that they were able to 
achieve satisfactory results. It was found that ion 
implantation of a titanium and nickel metallic coat- 
ing on silicon nitride resulted in enormous, and 
lasting, decreases in the coefficient of sliding fric- 
tion—down to below 0.1—in a diesel engine envi- 
ronment [19]. Clearly, ion implantation offers an 
excellent means of improving the properties of ce- 
ramic materials, including ceramic coatings, for en- 
gine and other applications. 

Of course, care must be taken in ion implanting 
ceramics. Unlike metals, ceramics are not as easily 
modified by gas ions. Indeed, there is ample evi- 
dence that ion implantation with gas ions into ce- 
ramic materials can lead to blistering and actual 
softening of the surface. This is because the gas 
ions can agglomerate into voids, eventually accu- 
mulating to a degree that they destroy the ceramic 
surface. Therefore, it is far safer to ion implant ce- 
ramic materials with metals. 

Plastics are another material subject to surface 
modification by ion beams. As one might expect, 
the surface conductivity of plastics has been shown 
to be easily increased by ion implantation [20]. Per- 
haps of greater importance, tests have shown that 
ion implantation increases the hardness of a num- 
ber of plastics by more than an order of magnitude. 


Moreover, the peak of the hardness is not at the 
peak of the distribution of the implanted material, 
but nearly ten times that depth. In order to cut the 
plastic at all after hardening by ion implantation of 
gold, the force on the cutting blade had to be in- 
creased six-fold [21]. 

The coefficient of friction of hard plastics can 
also be affected by ion implantation. Experiments 
indicate that the friction coefficient of hard plastics 
can readily be reduced by a factor of three in 
rolling contact by chromium ion implantation. 
Chromium and titanium ion implantation both in- 
crease the hardness of a variety of plastics three to 
six times. Applications of these results are wanting, 
and the field offers an excellent opportunity for fu- 
ture development. 

Of course, ion implantation of plastics is not 
without its drawbacks. The most serious is the en- 
ergy carried by the beam. As most plastics are poor 
conductors of heat, and melt at relatively low tem- 
peratures, it is easy to overheat plastics during the 
implantation process. Thus, systems designed for 
implantation of metals may not be suitable for im- 
planting plastics. 

Optical properties are probably the most impor- 
tant feature to be improved by ion implantation of 
glass. The general idea is to find an implantation 
process that limits infrared and ultraviolet trans- 
mission without reducing visibility. Infrared radia- 
tion causes the interior temperature of closed 
automobiles to climb to unbearable levels. Ultravi- 
olet radiation fades car and house fabrics and 
cracks leather and vinyl. The potential gains from 
ion implantation of glass for improving optical 
properties are thus quite significant, and studies 
are under way in both of these areas. 

Another interesting area of exploration is the 
use of ion implantation to reduce the corrosion of 
glass. Generally, we think of glass as being oblivi- 
ous to environmental conditions. However, acidic 
pollutants in the air or water will attack additives in 
glass, resulting in structural or optical problems. It 
has been found that ion implantation of molybde- 
num will protect glass from sulfuric acid attack. It 
needs to be determined if such is a viable applica- 
tion of the technology. 


4.4 Automotive 


The largest market for ion implantation will be 
the automotive market. The conservative nature of 
this market is not conducive to introduction of new 
technologies; however, competitive pressures from 
Japan and regulatory pressures should combine to 
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make ion implantation an acceptable process for 
future automobiles. We have identified a few areas 
where ion implantation could play a role. 

Cylinder liners and piston rings are subject to 
wear, as one might expect. As they wear, they allow 
more oil into the engine’s combustion chamber. Oil 
in the combustion chamber results in particulate 
emissions. Ion implantation of both cylinder liners 
and piston rings, alone or in combination with 
other surface treatments, could be used to increase 
wear resistance of these components, and in turn 
reduce emissions of particulates. 

In a similar vein, cams and cam followers wear 
with time, reducing engine performance efficiency. 
A combination of ion implantation and other sur- 
face technologies could reduce wear of these com- 
ponents, maintaining engine performance over the 
lifetime of the automobile. Higher efficiency oper- 
ation of the engine through better timing might be 
accomplished as well. 

In Southern California, methanol-burning en- 
gines may be needed to reduce air pollution. 
Methanol is more corrosive than gasoline, so while 
engines can burn this fuel, their internal compo- 
nents will not last as long. Ion implantation has 
been demonstrated to improve corrosion resistance 
of cast iron, steel and aluminum, common engine 
materials, and can thus be used to allow methanol- 
burning without design changes that would be 
needed to introduce new base materials, such as 
stainless steel. 

Reducing the weight of automobile components 
is an easy way to increase gas mileage and reduce 
pollution. Wherever possible, automobile manufac- 
turers are looking to substitute aluminum or mag- 
nesium for steel and cast iron. This substitution is 
often prevented by the fact that they do not have as 
good wear and/or corrosion resistance as the heav- 
ier metals that they are to replace. Ion implanta- 
tion could modify the surface properties of these 
materials to allow them to be used. 


4.5 Combination Processes 


As has been already described, very good results 
have been obtained by combining ion implantation 
with other processes. The need for electroplating 
of chrome can be greatly reduced by ion implanta- 
tion of the plated surface. The life of hard coatings 
deposited by chemical and physical vapor processes 
are extended by ion implantation. 

Other combinations also offer large potential 
gains. Ion implantation after ion nitriding (or 
plasma nitriding) has been found to produce a 


surface that has greater wear resistance than can 
be produced by either ion nitriding or ion implan- 
tation alone. Preliminary tests combining ion im- 
plantation before plasma nitriding have been 
conducted. In these tests, aluminum samples were 
ion implanted with a variety of materials prior to 
plasma nitriding. Plasma nitriding was found to 
have no effect on unimplanted aluminum. But the 
nitrided layer in aluminum implanted first with 
molybdenum was found to be 1 mm thick [22]. 
Heat treating after ion implantation has been 
shown to cause formation of buried ceramic layers 
in metal surfaces, especially when carbon or nitro- 
gen is implanted along with a metal. Post-implanta- 
tion heat treating may also be useful for 
implantations into glass and ceramic materials. 
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Thermal spray coatings are produced 
by heating material, usually in the form 
of fine powder, to near its melting point, 
accelerating it to a high velocity, and 
projecting the droplets against the sur- 
face to be coated. The advantages and 
disadvantages of thermal spray coatings, 
the general process steps, and the 
specific major thermal spray techniques 
(flame, plasma, high velocity oxy-fuel, 
and detonation gun spraying) are briefly 


described in this paper. The structure 
and properties of some of the major 
families of coatings are characterized 
and their uses and markets partially cat- 
alogued. Finally, the status of develop- 
ment of thermal spray coatings and the 
needs of the industry are discussed. 


Key words: detonation gun; flame spray; 
high velocity oxy-fuel; HVOF; plasma 
spray; thermal spray. 


1. Introduction 


In thermal spray coating, material, usually in the 
form of powder, is heated to near or above its melt- 
ing point, accelerated, and projected against the 
surface to be coated. On impact, the fluid or highly 
plastic droplets flow into thin lamellar particles 
(called splats) that constitute the coating (fig. 94). 
Virtually any material that melts without decom- 
posing can be used to produce a coating by one or 
more of the thermal spray processes. Moreover, 
even though the coating material is usually molten 
on impact, the temperature of the substrate can be 
kept close to ambient. Thus the mechanical and 
dimensional properties of a metallic substrate re- 
main unchanged and even some polymeric materi- 
als can be coated. 

While coating material flexibility and the mainte- 
nance of a low substrate temperature are major ad- 
vantages of thermal spray, it is not without 
disadvantages. The major disadvantage is its inher- 
ent “line-of-sight” deposition characteristic. Only 
surfaces that can be ‘“‘seen” can be coated. More- 
over, the structure and properties of the coating 
may change with angle of deposition. 
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The major thermal spray processes are flame, 
electric arc, plasma, high velocity oxy-fuel, and det- 
onation gun. Historically, the first commercial ther- 
mal spray process was probably that patented by 
M. U. Schoop in Switzerland in 1911, a combustion 
wire spray process. This was followed by the intro- 
duction of various combustion or flame spray pro- 
cesses using powder and by electric arc wire spray. 
Most of the more advanced thermal spray pro- 
cesses were first developed in the laboratories of 
Union Carbide Corporation in the United States; 
detonation gun deposition by R. M. Poorman, H. 
B. Sargent, and H. Lamprey (patented in 1955), 
plasma spray by R. M. Gage, O. H. Nestor, and D. 
M. Yenni (patented in 1958), and high velocity oxy- 
fuel (HVOF) by G. H. Smith, J. F. Pelton, and R. 
C. Eschenbach (patented in 1958). 


2. General Characteristics of Thermal 
Spray Processes 


A general thermal spray process consists of the 
following elements: substrate preparation, masking 


THERMAL SPRAY COATINGS 


Major Advantages 
e Wide range of compositions 


e Coat without significantly 
heating substrate 


Major Disadvantage 


e Line-of-sight processes 
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Cermet Accelerated substrate 
forming 
coating 


Figure 94. Schematic of the thermal spray process. 


and fixturing, coating, finishing, inspection, and 
stripping (when necessary). Substrate preparation 
usually involves scale and oil/grease removal as well 
as surface roughening. Roughening is necessary for 
most of the thermal spray processes to insure ade- 
quate bonding of the coating to the substrate. 
(Bond strength is usually attributed to a “mechani- 
cal interlocking” mechanism.) While very coarse 
machining may be adequate for some flame or 
electric arc wire spray coatings, the most common 
method is grit blasting, usually with alumina, to a 
surface roughness in excess of 200 microinch (5.8 
ym) Ra. With very high velocity processes, e.g., 
detonation gun deposition, surface roughening may 
not be necessary with some relatively softer sub- 
strates such as aluminum, titanium, or annealed 
steel alloys. 

Masking and fixturing are important elements of 
thermal spray technology. The coating is usually to 
be applied to only particular, precisely delineated, 
areas on a part, and it is generally much better to 
limit the area of coating deposition to those areas 
by masking and/or fixturing than to have to remove 
overspray by grinding, etc., after deposition. Suit- 
able masking may vary from paint-like ceramic 
slurries for low velocity processes like flame spray- 
ing, to various types of tape for intermediate veloc- 
ity processes like plasma spraying, to precision 
metallic masking for high velocity processes like 
detonation gun deposition. 

The individual types of coating processes will be 
described shortly, but with any of them the quality 
of the coating is strongly a function of the control 
of the process gases, electrical power, powder mor- 
phology and size, powder or wire feed rate, tra- 
verse rate, stand-off (distance from the part to the 
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torch or gun), angle of deposition (angle between 
the axis of the torch or gun and the surface of the 
part), precision of the deposition pattern, as well as 
the thermal characteristics of the coating and sub- 
strate. All of these parameters have a bearing on 
the final coating microstructure, mechanical prop- 
erties (including residual stress and bond strength), 
wear resistance, corrosion resistance, and other 
characteristics. Thus the best coating quality can 
only be achieved through substantial automation of 
the process. 

In general, the most important parameters in 
thermal spray deposition, regardless of the particu- 
lar process, are the particle’s temperature, velocity, 
angle of impact, and extent of reaction with gases 
during the deposition process. (The optimum tem- 
perature and velocity may be interrelated and a 
function of particle size and composition, of 
course.) Extraordinary gas temperatures and veloc- 
ities are of no value unless they can be used to 
effectively heat and accelerate the particles. There- 
fore, the specific design details and operating 
parameters of a thermal spray device are very im- 
portant. 

Since the structure and properties of a thermal 
spray coating are a function of stand-off and angle 
of deposition, it is important to realize that the 
coating on a part may vary from point-to-point as 
these parameters vary because of the geometry of 
the part. Moreover, the properties may be different 
from those on a test sample for the same reason. 
Usually, the sensitivity of coating properties to an- 
gle of deposition decreases with increasing particle 
velocity; thus useful coatings can be made at lower 
angles of deposition with high velocity processes 
than with low velocity processes. What is of most 
importance is that the properties are invariant 
from piece to piece when coating many pieces of 
the same part in a given plant or in many plants 
world wide. 

The roughness of as-deposited thermal spray 
coatings varies widely, but is seldom less than 50 
microinches (1.3 ym) Ra. Thus for many applica- 
tions they must be finished. Few can be single point 
machined, so grinding, often with diamond, is most 
often used. With grinding followed by lapping, a 
finish in the 0.02 to 0.08 ~m (1 to 3 microinch) Ra 
range can be achieved with some of the denser ox- 
ide and carbide based materials. 

The final inspection of thermal spray coatings is 
usually limited to verification of dimensions and vi- 
sual examination for pits, cracks, etc. Nondestruc- 
tive testing using ultrasonic, x-ray, thermography, 


magnetics, or eddy current techniques to find areas 
with poor bonding, excessive porosity, or cracks has 
largely been unsuccessful to-date. Magnetic and 
eddy current techniques can be used with some 
coating/substrate combinations to measure coating 
thickness, however. The absence of meaningful 
NDT techniques forces one to insure that the coat- 
ing is as it should be by verifying the coating’s char- 
acteristics before coating the actual part by coating 
a dummy metallographic sample and relying on the 
reproducibility of the process. Occasionally dummy 
samples can be coated with a part or both before 
and after a part, but this practice adds cost and 
should not be necessary. 

Stripping of residual coating is an essential part 
of the refurbishment of service worn coatings, and 
the ability to do so is a major attribute of thermal 
spray coatings. A practical manufacturing process 
also usually requires a means to strip misprocessed 
coatings, since many of the parts coated are far too 
expensive to scrap. Stripping can frequently be 
done, depending on the coating and substrate com- 
positions, chemically in acids or bases, electrolyti- 
cally, or in fused salts. If none of these techniques 
is possible, mechanical removal by grinding or grit 
blasting is necessary. 


3. Processes 
3.1 Flame Spray 


A combustion flame spray torch is shown sche- 
matically in figure 95. In this process, a fuel gas 
and oxygen are fed through a torch and burned 
with the coating material in the form of powder or 
wire being fed into the flame. The material is 
heated to near or above its melting point and accel- 
erated. The molten droplets impinge on the surface 
where they flow into lamellar “splats” forming the 
coating. Flame spray systems vary in complexity 
from simple hand-held torches to fully automated 
systems incorporating robotics and computer con- 
trol. The materials that can be used to produce 
flame spray coatings include metals, ceramics, and 
cermets. Particle velocities range from about 65 to 
300 m/s, among the slowest of the thermal spray 
processes. 

There are three basic types of flame spray pro- 
cesses; cold spray, spray + fuse, and spray — fuse. 
All normally use acetylene as a fuel. In cold spray, 
the coating is used as-deposited. Metallic, ceramic, 
or blends (carbides + metal alloys) of powders, 
solid wire, or composite rod or cord are used. In 
spray + fuse, a metallic alloy or a blend of a metal- 
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lic alloy and carbide in powder form is first de- 
posited using a flame spray torch, and then the 
metallic component is subsequently fused in a sec- 
ond step. The second step can be done with a 
torch, in a furnace, or inductively. In a spray — 
fuse process, the deposition and fusion on the sur- 
face occur simultaneously using the torch to effect 
the fusion on the surface. In the spray + fuse or 
spray — fuse processes, the substrate temperature 
may be substantially elevated, and its properties 
significantly changed. 

Flame spray coatings are characterized by rela- 
tively high as-deposited porosity, significant oxida- 
tion of the metallic components, low resistance to 
impact or point loading, and limited thickness (typ- 
ically 0.5 to 3.5 mm). Major attributes of flame 
spraying include the low capital cost of the equip- 
ment, its simplicity, and the relative ease of train- 
ing operators. The result is often low initial cost of 
the coatings. Typical flame spray materials and 
their uses are shown in Table 28. 


Table 28. Typical flame spray materials and their uses 


Material Use 


Repair of machine bearing 
surfaces 


Self bonding nickel alloy 
Ni-9Cr-9A1-SMo-7Fe 


Piston and shaft bearing or 
seal areas 


Bronze alloy 
Cu-10A1-1Fe 


Blend of carbide + metal Wear resistance 


WC + (Ni-14Cr-3B-4Si-3Fe) 


Corrosion and wear 
resistance 


Nickel alloy 
Ni-14Cr-4Si-3B-3Fe 


Corrosion resistance on 
boiler tubes 


Nickel alloy 
Ni-20Mo-20Fe-10Ti-4.5W-1.5Si 


Corrosion resistance on 
structures (bridges, etc.) 


Zinc 


Wire spray, while not a combustion process, is 
frequently grouped with the flame spray processes. 
In wire spray, an electric arc between the ends of 
two wires continuously melts the ends while a jet of 
gas (air, nitrogen, etc.) blows the molten droplets 
toward the substrate. The wires must be conduc- 
tive, of course, so the process is usually used for 
simple metallic coatings. Particle velocities may be 
substantially higher than in the flame spray coat- 
ings, but nonetheless much lower than in plasma 
spray. Extensive oxidation of the metallic coatings 
is common, and contributes to the low bond 
strength and high porosity typical of these coatings. 
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3.2 High Velocity Oxy-Fuel 


In high velocity oxy-fuel thermal spraying, the 
material to be deposited, usually in powder form, is 
heated to near, or above, its melting point and ac- 
celerated in a high velocity combustion gas stream. 
It is similar in principle to flame spraying, but 
higher gas velocities are achieved, usually by allow- 
ing combustion to occur in a confined chamber 
with expansion through a nozzle. Higher particle 
velocities are achieved, in part, by introducing the 
powder into the gas stream within the nozzle. A 
schematic of a typical HVOF device is shown in 
figure 96. The fuel is usually propane, propylene, 
MAPP, or hydrogen, but acetylene can be used in 
at least one device and liquid kerosene in another. 
Without the use of acetylene many oxides cannot 
be melted. Particle velocities achieved vary widely 
with the type of HVOF device used and operating 
parameters, but may exceed 550 m/s. . 

Metallic, ceramic, and cermet coatings can be 
produced via HVOF deposition, given adequate 
gas temperatures, etc. Since the particles are 
heated and accelerated in a combustion gas stream, 
they may be exposed to either an oxidizing or re- 
ducing environment. Thus some oxidation of 
metallics or carbides may occur or carburization of 
some metallics or reduction of some oxides, with 
concomitant changes in the coating’s properties. 
The density of as-deposited HVOF coatings is usu- 
ally in the range of 85% to 95% of theoretical. 
Bond strengths frequently exceed the limits of the 
adhesive used in the standard ASTM test—i.e., 
they are greater than 69 MPa (10000 psi). Coatings 
are usually used in the thickness range of about 
0.05 to 0.5 mm, a range typical of most applications 
of plasma and detonation gun coatings as well. The 


thickness range is a function of economics, service 
requirements, and residual stress considerations. 

The noise level generated by HVOF equipment 
may exceed 100 dB and requires very effective ear 
protection, if it is not operated by remote control 
in sound reducing cubicles. 


3.3. Plasma Spray 


A schematic of a nontransferred-arc plasma 
spray torch is shown in figure 97. In a typical 
plasma spray torch, a flow of gas, usually based on 
argon, is introduced between a water-cooled cop- 
per anode and a tungsten cathode. A DC arc, ini- 
tiated with a high frequency discharge, ionizes a 
portion of the gas. The temperature can exceed 
30000 °C in the core of the plasma. This high tem- 
perature causes, of course, a rapid expansion of the 
gas through the nozzle of the torch. With proper 
design, extremely high, even supersonic, gas veloc- 
ities can be achieved. A flow of powder, carried by 
a secondary gas stream, is injected into this high 
temperature, high velocity plasma effluent where 
the powder particles are heated to near or above 
their melting point and accelerated to velocities 
that may exceed 550 m/s, though with most plasma 
spray systems velocities in the range of 300 to 500 
m/s are expected. 

The gas used to produce the plasma is usually 
chosen to be inert relative to the material being 
deposited. Argon is most commonly used, but he- 
lium, hydrogen, or nitrogen may be added. The di- 
atomic gases can significantly increase the enthalpy 
of the gas at a given temperature and enhance 
heating of the powder particles. The electrical 
power consumed is usually in the range of 30 to 80 
kW, but can be as high as 120 kW. Unfortunately, 
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Figure 96. Schematic of a HVOF device. 
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Figure 97. Schematic of a plasma spray torch. 


only a small fraction is actually converted to either 
thermal or kinetic energy of the powder. 

The powder size used in plasma spraying is a 
function of the torch design. Powders that are — 60 
mesh are most common. Some of the densest coat- 
ings are made with substantially finer powder. 

Plasma spray coating densities are usually in the 
range of 80% to 90% of theoretical, although 
metallographically measured porosity may imply 
higher densities. Densities are a function of many 
parameters including torch design, power level, gas 
flow, powder size, stand-off, and angle of deposi- 
tion. 

Although the gases used in plasma spraying are 
usually chosen to be inert to the material being 
sprayed, a substantial amount of air can be drawn 
into the plasma effluent as a result of turbulence. 
This may lead to oxidation of metallics and car- 
bides with significant changes in coating properties. 
The amount of such oxidation is strongly a function 
of torch design and operating parameters. Such ox- 
idation can be virtually eliminated by using an inert 
gas shield around the plasma effluent or by spray- 
ing in a low pressure inert gas chamber. Using the 
latter, long stand-offs and higher particle velocities 
may be obtained as well, but at higher cost. 


3.4 Detonation Gun 


A schematic of a detonation gun is shown in fig- 
ure 98. A mixture of oxygen and acetylene along 
with a pulse of powder is introduced into a water- 
cooled barrel about a meter long and 25 mm in 
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diameter. A spark initiates a detonation, and the 
resulting hot, expanding gas heats and accelerates 
the powder particles. The powder has a velocity of 
about 750 m/s and is at or near its melting point as 
it strikes the substrate. This process is cyclic with 
each detonation followed by a flow of nitrogen to 
purge the barrel. The process is repeated up to 
about 10 times per second. Each detonation results 
in the deposition of a circle of coating about 25 mm 
in diameter and 0.01 mm thick. The total coating is 
produced by overlapping the circles of coating in a 
precise pattern by traversing the gun relative to the 
substrate. This requires very accurate, highly auto- 
mated equipment. The high sound level, approxi- 
mately 150 decibels, requires operation in sound 
reducing cubicles via remote control. 

The detonation gun process produces some of 
the densest of the thermal spray coatings, with typi- 
cal metallographic porosities less than two percent. 
Almost any metallic, ceramic, or cermet material 
that melts without decomposing can be used to 
produce a coating. Typical coating thicknesses 
range from 0.05 to 0.5 mm, but both thicker and 
thinner coatings are used. Because of the very high 
velocity of the powder particles, the properties of 
the coating are much less sensitive to angle of de- 
position than most other thermal spray coatings, 
little change being observed between 90° and 45°. 

Recently a new Super D-Gun™ ! coating process 
has been introduced. It uses a mixture of fuel gases 
rather than just acetylene and generates particle 


1 Super D-Gun is a trademark of Praxair ST Technologies, Inc. 
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velocities of about 1000 m/s. This results in higher 
bond strength, greater density, and improved wear 
and other characteristics. Of particular note is the 
significant compressive residual stress that can be 
generated in the coatings with concomitant im- 
provernent in the fatigue properties of the coated 
component. 

Detonation gun coatings can be purchased from 
a world-wide network of Praxair Surface Technolo- 
gies plants. Detonation gun equipment can be pur- 
chased from Russia or from Russian licensees in 
Japan or Europe. 


3.5 Comparison of Processes 


Table 29 contains a comparison of a few of the 
characteristics of the various processes. The values 
shown should be considered typical and not abso- 
lute limits. 


4. Coating Structure and Properties 


The as-deposited structure of thermal spray 
coatings consists of thin, overlapping, lamellar 
particles, frequently called splats (fig. 99). Of im- 
portance are the intrasplat, intersplat, and coating/ 
substrate interface structures. The  intrasplat 
structure may be crystalline, with very fine colum- 


Table 29. Relative process comparisons 


nar crystals oriented perpendicular to the substrate 
surface, amorphous, or a mixture of the two. The 
crystalline structure may be thermodynamically sta- 
ble or metastable. This structure is due to the ex- 
tremely rapid quench rates usually associated with 
thermal spray, estimated to be in the range of 10* 
to 10°°C/s for ceramics and 10° to 10®°C/s for 
metallics. 

The intersplat structure of coatings can be sub- 
stantially affected by the amount of oxidation that 
occurs during deposition. This may be of particular 
concern with flame spray coatings and with plasma 
or HVOF coatings requiring a long stand-off, due 
to air inspirated into the flame or plasma effluent. 
Generally, oxide films on the splats weaken the 
splat boundaries, inhibit flow of the material dur- 
ing deposition (thus increasing “turbulence” and 
porosity), and consume reactive components (mod- 
ifying the chemistry of the coating). Such oxidation 
can be virtually eliminated, as noted earlier, when 
plasma spraying by using an inert gas shroud or by 
spraying in an inert atmosphere. Proper selection 
of operating parameters can substantially inhibit 
oxidation during deposition with detonation gun or 
HVOF coatings. With any of the combustion pro- 
cesses, the oxygen-to-carbon ratio can be adjusted 
such that carburization occurs rather than oxida- 
tion, but usually parameters are chosen that cause 
minimal chemical changes. 


Process Coating Powder Powder Bond 
material size velocity strength 
Flame spray Metals, m/s psi 
Cold cermets, Coarse 65-130 1000-5000 
Wire some N/A 230-295 low 
Sp + fuse ceramics Coarse 65-130 > 10000 
Sp — fuse Coarse 65-130 > 10000 
Plasma Metals, Medium-fine 300-550 3000- 
cermets, > 10000 
ceramics 
HVOF Metals, Fine $50 > 10000 
cermets, 
some 
ceramics 
Detonation Metals, Fine 750 > 10000 
Gun cermets, 
ceramics 
Super Metals, Fine 1000 > > 10000 
D-Gun cermets, 
ceramics 
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Figure 99a. Scanning electron micrograph of a fractured plasma sprayed tungsten coating 
illustrating the “splats” typical of thermal sprayed coatings. Note the fine grains within the 
splats. 


Figure 99b. Polished cross section of the coating in figure 6a. 
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Figure 99c. Micrograph of a cross section of plasma sprayed Al2O3 + TiO? coating illustrating 
the lamellar nature of thermal spray coatings. 


Figure 99d. A higher magnification of the same coating as in figure 6c. 
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As-deposited thermal spray coatings invariably 
contain some porosity, the amount usually decreas- 
ing with increasing particle velocity. Unfortunately, 
for most coatings, some of this porosity is intercon- 
nected. This can have serious implications when 
considering the corrosion characteristics of the 
coating or the coating/substrate combination. 
Sealants such as epoxies can reduce the impact of 
interconnected porosity, but they have limited tem- 
perature capability and wear or finishing may open 
new channels through the coating. Heat treatment 
of the coating at a temperature high enough to ef- 
fect sealing via sintering has been used in some sit- 
uations (e.g., metallic coatings on superalloys). 
Such heat treatment is limited to those substrates 
that can withstand the high temperatures required, 
both structurally and dimensionally, and to those 
situations where there is only a small mismatch in 
coefficients of thermal expansion between the coat- 
ing and the substrate. The spray + fuse and spray- 
fuse processes generally effect sealing of the 
coating even if all of the porosity is not eliminated. 

Examination of the as-deposited coating/sub- 
strate microstructure seldom reveals any interdiffu- 
sion or other chemical reaction between the 
coating and the substrate (with the exception of the 
spray-fuse process). Bond strength is most fre- 
quently attributed to a mechanical interlocking 
mechanism. For most of the thermal spray coat- 
ings, a roughening of the substrate is necessary, as 
previously discussed. On occasion, the microstruc- 
ture of the coating immediately adjacent to the 
substrate may have more amorphous material or a 
finer grain size than the bulk of the coating be- 
cause of a higher quench rate. 

Having described in fairly general terms some of 
the more important considerations relative to the 
microstructure of thermal spray coatings, it may be 
well to illustrate the microstructures of several of 
the more commonly used thermal spray materials. 
Coatings based on tungsten carbide may well be 
the most important type of thermal spray coating. 
They are primarily used for wear resistance. The 
basic tungsten carbide — cobalt compositions can be 
modified with chromium and/or nickel to increase 
their corrosion resistance. The microstructure, and 
hence mechanical properties, of a specific composi- 
tion is a function of the starting powder morphol- 
ogy and the deposition parameters. Coatings made 
under conditions such that the powder becomes 
completely molten may appear quite different from 
those where the powder becomes only partially 
molten. This is particularly true for powders that 
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contain relatively large WC or W>2C grains. This is 
illustrated in figure 100, where coatings made with 
such grains, deposited under different thermal con- 
ditions, are compared with coatings made with 
more homogeneous powder containing very fine- 
grained WC. It should be kept in mind that none of 
the microstructures is particularly bad or good, but 
that each has its uses. 
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Figure 100. Micrographs of two tungsten carbide-cobalt coat- 
ings made with similar powders, but using different thermal en- 
ergies, illustrating different degrees of melting of the “primary” 
carbides in the powder. 


Another group of widely-used coatings is the 
chromium carbide cermets, usually made with me- 
chanical mixtures of the carbide and _ nickel- 
chromium alloys. Since there is virtually no 
interaction between powder particles during flight, 
the coating consists of a mixture of the lamellae of 
the two constituents, as illustrated in figure 101. 
Mixed oxides and other materials are also often 
used. 


Figure 101. Micrographs of a detonation gun coating using a 
powder consisting of a mixture of chromium carbide and a 
nickel-chromium alloy. 


A variety of metallic coatings are used, particu- 
larly for build-up and corrosion resistance. Several 
are listed in Table 28. As mentioned earlier, some 
applications require virtually oxide-free deposition. 
That this can be accomplished with even very reac- 
tive metals using plasma spray deposition with inert 
gas shrouding or low pressure inert gas chambers 
has already been discussed. The significant influ- 
ence on the type of equipment used when these 
protective techniques are not employed is illus- 
trated in figure 102. 


5. Mechanical Properties 


The mechanical properties of thermal spray 
coatings reflects their microstructure. They are 
highly anisotropic because of the lamellar splat 
structure and columnar grains. They also tend to 
be quite brittle—even the pure metallics—with 
limited strain-to-fracture. 

The most commonly measured mechanical prop- 
erties are bond strength and hardness. Bond 
strength is usually measured using a test that in- 
volves bonding the coated end of a bar to a mating 
bar with an epoxy adhesive and pulling the couple 
apart in tension. Typical values for various flame 
spray and most plasma spray types of coatings 
range from about 20 MPa to 60 MPa. With many of 
the more advanced thermal spray coatings, the 
strength of the bond of the coating to the substrate 
exceeds the strength of the epoxy used in the test 
(about 70 MPa). Thus the test becomes only a 
“proof” test, and the actual bond strength can only 
be said to be greater than the epoxy strength. 
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Figure 102. Micrographs of three plasma sprayed aluminum 
bronze coatings using the same powder, but different torches, 
illustrating the drastic difference in oxidation during deposition 
largely due to torch design. 


Other tensile tests are being developed, but the re- 
sults have yet to be published. Tests to measure the 
shear strength of thermal spray coatings have been 
developed, but most have serious limitations. 

The hardness of thermal spray coatings is usually 
measured using microhardness techniques (dia- 
mond pyramid or Knoop) on metallographically 
prepared cross sections. Typical values range from 
about 200 to 300 HV.3 for some of the softer 


metallic coatings to over 1400 HV.3 for some of the 
carbide based coatings. Hardness values are fre- 
quently misused in selecting coatings for a given 
application; they can be a poor indicator of wear 
resistance in some situations, and do not take into 
account other factors, such as toughness, that may 
be critical. 

A wide variety of other mechanical properties 
have been measured and used quite successfully, 
but they are too numerous (and in some cases too 
specialized) to be included here. More standard- 
ized tests would be of value to the development 
and wider use of thermal spray coatings, however. 


6. Uses 


The widest use of thermal spray coatings is prob- 
ably to combat wear—abrasive, adhesive, and ero- 
sive. Only a brief illustration will be given here of 
each of these major types, but it should be recog- 
nized that there are many other variants where 
coatings are or could be used. It should also be 
kept in mind that thermal spray coatings are used 


in virtually every industry on equipment ranging 
from submarines to the space shuttle, on compo- 
nents whose size ranges from that of a pin head to 
rolls weighing over 50 tons, and operating from 
cryogenic temperatures to over 1500 °C. Some ex- 
amples of laboratory wear data are shown in Table 
30. Examples of wear resistant applications are 
shown in Table 31. 

Thermal spray coatings are used for corrosion 
resistance or for wear resistance in a corrosive en- 
vironment in a variety of situations, but to be suc- 
cessful the interconnected porosity inherent in 
most of these coatings must be dealt with. The ma- 
jor corrosion mechanisms in liquid corrosive media 
are: a) general corrosion of the coating or a coat- 
ing constituent, b) general or crevice corrosion of 
the substrate as a result of penetration of the cor- 
rosive media through the interconnected porosity 
in the coating, and c) galvanic corrosion of the 
coating or the substrate. Appropriate selection of 
the coating and the substrate compositions can 
eliminate these concerns in some cases, but eco- 
nomically viable choices are not always available. 
Thus a means to seal the porosity in the coating 


Table 30. Examples of laboratory wear data 


Test Material 


Carballoy 883 
WC-Co 


Abrasive 


WC-Co 


WC-Co 


WC-Co 


WC-Co 


Type Wear rate 
Sintered 12 
mm?/1000rev 
Detonation gun 0.9 
Plasma spray 16.0 
Super D-Gun 0.7 
HVOF 0.9 


Dry sand/rubber wheel test, 50/70 mesh Ottawa silica, 200 rpm, 30 Ib load, 
3000 revolution test duration, ASTM 


Erosive Carballoy 883 


WC-Co 
WC-Co 
WC-Co 
WC-Co 


AISI 1018 
steel 


Silica-based erosion test, 15 zm, 139m/s, 5.5g/m, ASTM 


Sintered 


0.04 
micrometers/g 


Detonation gun 1.3 
Plasma spray 4.6 
Super D-Gun 

HVOF 

Wrought 21. 
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Table 31. Examples of wear applications 


Adhesive Primary metals process rolls 
Piston rings 

Gyroscope components 
Hydraulic pump components 


Machine shaft bearing surfaces 


Textile mill fiber guides 
Paper mill rolls 
Computer tape heads 


Abrasive 


Extruder screws and barrels 
Pump pistons 

Compressor rods 

Ball and gate valves 
Mechanical seals 


Abrasive and adhesive 


Gas turbine compressor blades 
Power recovery blades 
Valve stems 


Erosive 


must be found to prevent internal corrosion of the 
coating, attack of the substrate, and galvanic ef- 
fects. 

A variety of sealants have been developed, some 
of the most common being based on epoxies. All 
are limited, however, in that they can only fill chan- 
nels or pores that are interconnected to the exter- 
nal surface of the coating. Channels that extend to 
the substrate, but not the exterior surface, will not 
be filled. These may be opened during finishing or 
as a result of wear during service. A further limita- 
tion of most sealants is their instability at elevated 
temperatures. Epoxy sealants, for example, are cur- 
rently limited to about 250 °C. There exists a signif- 
icant need for sealants that are effective at higher 
service temperatures, but do not require high tem- 
perature curing or sintering (which, in many cases, 
would cause spalling of the coating or undesirable 
changes in the coating or substrate). 

For some applications, for example MCrAlY 
coatings on superalloys, the coated parts can be 
heat treated (usually in vacuum) at a temperature 
high enough to seal the coatings by sintering. This 
is possible, in this example, because the mismatch 
in coefficients of thermal expansion between the 
coating and the substrate are small, and the sub- 
strate can be heat treated without damage at a 
temperature high enough to effect sealing of the 
coating. Even in most of these cases, however, an 
additional mechanical working of the surface, for 
example by peening, is necessary to complete the 
sealing. 
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The sintering approach to sealing in the above 
refers to solid state sintering. In the spray — fuse 
or spray + fuse types of coatings, densification oc- 
curs largely via fusion or liquid diffusion. Signifi- 
cant dilution or interdiffusion with the substrate 
usually occurs. 


7. Markets 


Thermal spray coatings are used in virtually ev- 
ery industrial segment, both on original equipment 
and for repair and refurbishment. A few examples 
are given in Table 32. With the exception of a few 
industries, such as aircraft gas turbines, most ther- 
mal spray coatings were used as a repair, or to fix a 
design problem, until fairly recently. There is a 
growing trend, however, to incorporate these coat- 
ings in original equipment design and manufacture 
in high volume applications such as automobiles. 


Table 32. Examples of market segments and applications 
Aircraft Landing gear 
Tracks for flaps and slats 


Blades and vanes 
Shrouds 
Seals 


Gas turbines 


Rolls 
Hydrofoils 


Paper 


Hearth rolls 
Process rolls 


Primary metals 


Petrochemical and oil/gas 
production 


Pump and compressor seals 
Mechanical seals 
Valves 


Transportation Ship decks 


Auto exhaust systems 
Bridge structures 


Coatings are applied both in-house and by ven- 
dors. Most of the companies that apply the coat- 
ings in-house are fairly large and _ technically 
sophisticated, such as the aircraft engine manufac- 
turers and airline repair shops. The level of exper- 
tise of vendors of coating services varies widely, not 
only in their understanding of the processes, but in 
the level of quality control they employ. Most ven- 
dors serve only local or regional markets; only one 
or two could be considered international in scope. 


8. Status of Development and Industry 
Needs 


Thermal spray process development is becoming 
quite mature. Recent years have seen the introduc- 
tion of Super D-Gun coatings and the reintroduc- 
tion of high velocity oxy-fuel systems by several 
equipment manufacturers. While only a few ther- 
mal spray systems seem to have fully implemented 
adequate process control, the technology is readily 
available. Automation and computer control are 
becoming commonplace. 

While new coating compositions are constantly 
being introduced, the most widely used thermal 
spray materials have been in existence for a long 
time. There has been, however, a renewed interest 
in the “quality” of thermal spray powders which 
has been reflected in coatings with better, more 
uniform, microstructures. Newer methods of manu- 
facture, e.g., sol-gel, improved spray drying, and 
higher purity reactive metal atomization, have been 
introduced. These and new material compositions 
will undoubtedly yield coatings with even more uni- 
form properties, as well as better properties. 

Although reasonably effective epoxy sealants ex- 
ist for use at temperatures up to about 250°C, 
sealants for use at higher temperatures that do not 
require even higher temperature curing or sinter- 
ing are needed. While fully dense thermal spray 
coatings that would not require sealants have been 
claimed in sales literature from time to time, none 
exist in the as-deposited condition. A few coatings 
have been developed, however, that appear to be 
functionally sealed so long as the thickness of the 
coating exceeds about 200 ym. More development 
along these lines would be useful. 

Effective nondestructive testing of thermal spray 
coatings remains virtually nonexistent, except for 
thickness measurements that are possible with 
some combinations of coatings and substrates. At- 
tempts to develop methods to detect excessive 
porosity, microcracks, or delamination have led 
only to extremely expensive instruments with very 
limited levels of detectable flaw size. Measurement 
of residual stress on most parts is impossible, but 
such stresses can play a key role in the success or 
failure of the coating. 
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The use of lasers to modify the char- 
acteristics of a surface for improved 
properties is increasing in various indus- 
trial applications. Laser cladding, hard- 
ening, patterning and alloying have 
proved to be viable industrial processes 
for improving the surface performance. 
Modern ultra violet lasers have further 
increased the range and flexibility of 
surface modification possibilities. Sur- 
face texturing, sensitization, adhesion, 


smoothing, and deposition of coatings 
has opened up a whole new area of po- 
tential process applications. This paper 
discusses the process technology, poten- 
tial application areas, end uses and 
some economics of the process. 
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1. Introduction 


Over the last decade the use of lasers in industry 
for surface modification applications has grown 
substantially. The development of reliable and eco- 
nomical systems has promoted the acceptance of 
this technology in a range of application areas. De- 
velopments in laser technology have also led to a 
new generation of ultra violet lasers with the po- 
tential to open up the field of surface treatment in 
the future. 

Surface modification using a laser can take a va- 
riety of forms, depending on the laser type, the way 
it is used, and the material or materials on which it 
is used. 

The three main types of laser used in surface 
modification are: 

¢ The Carbon Dioxide (CO2) laser (continuous 

wave — CW —or pulsed) 

¢ The Neodymium Yttrium Aluminum Garnet 

(Nd:YAG) laser (usually pulsed) 

¢ The Excimer laser (pulsed) 

Other lasers such as the copper vapor, ruby or 
argon ion lasers, can also be used in a limited way 
for some industrial applications. With the two com- 
mon industrially used infrared lasers, the carbon 
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dioxide laser (wavelength of 10.6 ym) and the 
Neodymium:YAG laser (wavelength 1.06 pm) the 
substrate is usually modified by a heat-related pro- 
cess. The excimer laser, which produces ultraviolet 
light, is usually used to promote photochemical 
processes. 


2. Surface Modification Techniques 


Typical surface alteration processes using lasers 
include 

¢ Surface Cladding 

¢ Surface Alloying 

¢ Transformation Hardening 

¢ Surface Melting 

¢ Laser Engraving 

¢ Surface Smoothing 

¢ Surface Texturing 

¢ Micromachining 

Some of the general surface interactions used in 
these processes are illustrated in figure 103. Figure 
104 shows several of the basic laser surface treat- 
ment processes. 
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Figure 103. Schematic diagram of the general interactions between a laser beam and a surface. 


In surface modification, the length of time the 
laser illuminates the surface (or stays at one point 
on the surface) primarily controls what process will 
occur. For example, long interaction times at high 
laser energy density (as with a scanned CW laser) 
will cause melting, while long interaction times at 
low energy density are used for heat treatment. 
Each process has its own particular characteristics. 


2.1 Transformation Hardening 


The aim of laser hardening is to use the laser to 
produce a quench hardened case, without melting, 
on selected areas of the substrate surface subject to 
wear. It is effective for steels with an appropriate 
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carbon content, or pearlitic cast irons. The exact 
structure depends on the cooling rate and T.T.T. 
diagram, but generally improves hardness and 
wear. 

For example, General Motors has used lasers to 
harden a cast iron automotive steering component. 
The process had significant advantages over other 
conventional processes since the engineering re- 
quirements could be achieved with less distortion, 
and no post treatment machining. Fiat uses the 
technology to heat treat cylinder blocks, while Nis- 
san uses it in the heat treatment of engine and 
transmission components [1,2,3]. The method is ex- 
pected to become used more widely in new ad- 
vanced materials. 
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Figure 104. Different laser surface modification techniques: (a) surface melting, (b) surface cladding, (c) wire feeding, and (d) surface 


alloying with preplaced coatings. 


2.2 Laser Surface Melting 


With a high enough heat input, the surface can 
be melted without affecting the underlying material 
to modify the grain structure and finish. The mi- 
crostructure depends on the temperature gradient 
(determined by power density and thermal proper- 
ties), and the solidification rate (controlled by in- 
teraction time —a function of the scanning speed of 
the beam or the work piece). Typical melt depths 
vary from a few microns to more than 1 mm, and 
structure refinement varies from coarse to ex- 
tremely fine textures, from dendrites to martensites 
to metastable (or in some cases with specific com- 
positions, amorphous) structures. The microstruc- 
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ture varies as a function of depth, and in some 
systems the hardness is greatest in the surface melt 
region, underlying which is a softer tempered re- 
gion. 

Laser surface melting has recently been applied 
to cam shafts [4]. The majority of engines use 
lamellar grey cast iron as the cam shaft material. 
The camshaft is typically treated by conventional 
techniques such as TIG remelting or directly chill 
cast to produce a wear resistant ledeburite surface. 
Although the same transformation can be achieved 
by using a laser, laser spot scanning (fig. 104a) is 
too slow for production. The development of reli- 
able high power lasers and optics to produce a line 
focus has made the laser process economically 


viable [4]. It is now replacing the previous TIG pro- 
cess in production in companies such as Volkswa- 
gen. 


2.3 Other Uses 


The laser may be used to induce stresses in a 
surface. This process can be made more effective 
by the use of a coating. A Nd:YAG laser has been 
used in this way to refine the magnetic domain size 
of transformer steels to reduce eddy current losses. 
The laser treatment causes slip plane dislocations 
to form, forming a new subdomain structure, and 
by adjusting the spacing of the laser lines, the do- 
main sizes can be controlled [5,6]. 

Laser engraving is now frequently used for etch- 
ing control numbers or part numbers on compo- 
nents, such as drills, medical instruments, and 
automobile components. 

Laser removal of coatings, such as paint, is being 
used more and more widely because of its avoid- 
ance of environmentally unacceptable or unhealthy 
solvents (especially volatile organics). 

Lasers have also been used to smooth brake pads 
[7], and (in the form of a chopped laser beam) to 
make a regular pattern on the surface of sheet 
metal. This patterning of the surface creates an al- 
most perfectly flat surface for painting [8,9], on 
which the paint adheres better. Nissan uses this 
method for car panels. 

Excimer lasers have extended the potential 
range of applications to surface sensitization, im- 
proved bonding/adhesion, laser engraving, and 
micromachining. New applications are constantly 
being developed. 


2.4 Surface Alloying 


In common with surface melting, surface alloying 
involves substantial heating of the surface, but al- 
loying is promoted by injecting another material 
into the melt pool, so that the new material alloys 
into the melt layer. The alloying material can be 
added in many ways: 

¢ Wire feed (fig. 104c) 

¢ Pre-deposited coatings (fig. 104d) 

* Electroplating 

* Reactive gas shroud 

¢ Vacuum evaporation 

¢ Thin foils application 

¢ Blown powder 

* Ion implantation 

* Diffusion (e.g., boronising) 
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There are as yet few commercial applications of 
this technology, but its use is growing [10]. For ex- 
ample, if nitrogen is used in a gas shroud on melt- 
ing titanium, titanium nitride forms. The depth, 
smoothness and hardness of the nitride layer can 
be controlled. A typical depth is 0.3 ym, and the 
hardness ranges from 400 Hv to 1600 Hv. Titanium 
carbide can be formed by laser melting carbon into 
the surface of titanium, while carbonitrides can be 
formed by combining this process with a nitrogen 
shroud. Although nitriding of steel cannot be easily 
done in this manner, cladding with titanium nitride 
may be possible. Alloying of cast iron and low alloy 
steels with Cr, Si, or C may be used to make inex- 
pensive bulk materials with exotic surfaces [11]. 
Some alloys are being accepted for specific applica- 
tions, such as Ti with nickel for corrosion applica- 
tions, surface hardening of aluminum, etc. [12]. 
The flexibility of surface alloying allows the de- 
signer to choose what material is required for the 
surface and what is required for the bulk. 


3. Laser Coating Methods 


Lasers are being used more and more widely for 
surface coating, using such techniques as: 
¢ Laser Physical and Chemical Vapor Deposi- 
tion (LPVD and LCVD) 
¢ Surface Sensitization and Enhancement (for 
adhesion and bonding) 
¢ Ablation for coating (e.g., paint) removal. 


3.1 Laser Cladding 


The aim of laser cladding is to selectively coat a 
defined area. A cladding powder is fed into the 
laser beam, so that the powder melts within the 
beam and clads the surface (fig. 104b). Interdiffu- 
sion between the layer and the substrate is con- 
trolled by the heat input. Depending on the 
powder and substrate metallurgy, the microstruc- 
ture of the surface layer can be controlled, using 
the interaction time and laser parameters. 

Figure 105 shows a cross section of a single pass 
clad on titanium. Note the large thickness of clad 
material and the depth of the diffusion bonding 
layer. 

Laser cladding (hard facing) of turbine blades by 
Rolls Royce was one of the first industrial applica- 
tions of laser cladding. The process was flexible, 
easily controlled, and did not require a vacuum — 
significant advantages over electron beam treat- 


Figure 105. Single pass clad on titanium using a 2.5 kW CO; laser (beam diameter 3 mm, traverse speed 
5 mm/s). 


ments. Other industries have now begun to use 
laser cladding. For example, Nissan clads alu- 
minum engine components with a copper bronze 
alloy. 


3.2 Laser Physical and Chemical Vapor 
Deposition 


Surface coating with a laser can take place in 
many ways. However, for Laser Physical Vapor De- 
position (LPVD) or Laser Chemical Vapor Depo- 
sition (LCVD) the laser is used purely as a source 
to induce a given material to be deposited. The 
process is usually undertaken in a partial vacuum, 
and the material to be deposited is derived from 
either a solid target (PVD) or pyrolysis or photoly- 
sis of a vapor (CVD). The laser is particularly use- 
ful as it is a powerful, controllable, directed source 
of energy that can produce high quality, epitaxially 
grown thin films. Some of the materials deposited 
by LPVD or LCVD are summarized in Table 33. 

The laser used as the energy source to deposit 
these materials can be either a CO2 or a Nd:YAG 
laser. Both provide high pulse energies in the in- 
frared. More recent advances, however, have seen 
the development and use of the excimer laser, par- 
ticularly for the production of thin films. This laser 
emits in the ultraviolet and can cause not only va- 
porization or pyrolysis, but can also directly 
photodissociate molecules. This has had significant 
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Table 33. Summary of films deposited by laser deposition tech- 


niques! 
Application 
Optics 


X-ray 
Microelectronics 


Optoelectronics 


HT-Superconductors 


Thermoelectric 


Wear protection 


Substance 


C 

CdTe, Biz2Te3 
W-C, Ni-C 

C 

Si, Ge, Si,Ge1-x 
GaAs 

SnO, Cd3As) 
As,P;-,x, InSb 
Hg, -,Cd,Te 
InSb-GaAs, -CdTe 
YBa2Cu30, 
Bi-Ca-Sr-Cu-O 
PbS, Sn 

PbSe, PbTe 

Pb, _,Cd,Se 

BC, WC, BN 
Polymers 


Layer structure 


Amorphous 
Polycrystalline 
Multilayer 
Polycrystalline 
Amorphous 
Polycrystalline 
Monocrystalline 
Polycrystalline 
Polycrystalline 
Superlattice 
Monocrystalline 
Polycrystalline 
Polycrystalline 
Monocrystalline 
Monocrystalline 
Polycrystalline 
Amorphous 


impact on the growth of superconducting and 
mixed semiconductor films. 

A schematic diagram of the laser PVD process is 
shown in figure 106. The high powered laser beam 
is focused onto a solid target. A plasma is readily 
produced and material is ablated from the focal 
spot. The ejected material, in the form of small 
particles and vapor, then deposits as a uniform film 
on surfaces nearby. The target stoichiometry can be 


Figure 106. Schematic diagram of the LPVD process. 


replicated in the film, particularly if an excimer 
laser is used. Deposition rates tend to be of the 
order of 1 to 10 pm per hour. Attempts to increase 
this value are currently under development using a 
combined laser and vacuum arc technique [13]. 
The target may or may not be heated depending 
on the film growth regime required, and a process- 
ing gas may be used to realize any desired chemical 
reactions during film growth. The growth of high 
quality, polycrystalline, epitaxial high temperature 
(T.>90 K) superconducting ceramic materials or 
mixed semiconductors such as CdS is possible [14]. 
The superconducting films tend to be extremely ro- 
bust, retaining the target stoichiometry, and do not 
have to be post annealed in oxygen to make them 
superconducting. Laser deposition therefore has 
advantages over other methods for depositing these 
films, such as electron beam evaporation, ion beam 


sputtering, or rf sputtering. Laser deposition is also 
cheaper and faster than other techniques such as 
molecular beam epitaxy (MBE). 

Films are deposited by laser CVD by using the 
focused beam to pyrolyse a thermally sensitive va- 
por (see fig. 107), or, with the excimer laser, the 
high energy UV photons can also be used to di- 
rectly photodissociate gases. If pyrolysis occurs, the 
rate of deposition is controlled by chemical reac- 
tion rates up to certain deposition rates dependent 
on surface temperature. Above these tempera- 
tures, the process is controlled by mass transport, 
and the quality of the deposit falls from a smooth 
to a rough film, and ultimately to a powder. If 
photodissociation occurs, the deposition rate does 
not depend on the substrate temperature. Excimer 
lasers come in several wavelengths, so to optimize 
the photodissociation process, the incident wave- 
length should be within the absorption limit of the 
molecule to be photodissociated. For example an 
Argon Fluoride (193 nm) or Krypton Fluoride (248 
nm) laser can be used to photodissociate the 
molecule Al2(CHs3). so that a thin film of aluminum 
can be deposited onto a wafer. Many metals (e.g., 
Au, Cd, Cr, Cu, Fe, Ga, In, Mo, Ni, Pt, Sn, W, and 
Zn) have been deposited in this way. Deposition 
rates are an order of magnitude faster in the beam 
area than those achieved using plasma or electron 
beam techniques. Excimer LCVD is a low tempera- 
ture process, so it can be used with temperature- 
sensitive substrate materials and components. The 
substrate is also not bombarded with energetic 
ions, so the technique is less invasive the other 
methods. 


precursor 


{film 


Figure 107. Schematic diagram of the LCVD process. 
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Companies such as Toyota [15] have been evalu- 
ating LCVD of W films on silica using W(CO), and 
H2. The deposition process takes 10 minutes, com- 
pared with 60 minutes for thermal CVD. The dif- 
ference in apparent activation energies (E.,) is 18.0 
kcal/mole for thermal CVD and 0.1 kcal/mole for 
ArF (193 nm) CVD. Higher deposition rates could 
also be achieved if an’excimer laser (XeCl at 308 
nm) outside the absorption limit of W(CO). (300 
nm) was used (E,=1.8 kcal/mole). The deposition 
rate in this case increases as the substrate tempera- 
ture increases. 

Other materials, such as Si, Ge, GaAs, InP and 
HgCdTe semiconductors, can be grown by excimer 
dissociation of precursor gases, such as silane 
(SiH), germane (GeH,) or appropriate mixtures of 
organometallics such as Ga(CH3)3, HgCdTe(CHs)2. 
Thin insulating crystalline layers of alumina (sap- 
phire), silicon nitride ceramics and diamond like 
carbon can all be laser deposited by low tempera- 
ture reactions using a UV laser, for example: 


Al(CH3)6 + N20 + hv (193 nm) > Al,O3 + Products 
SiH, + NH3 + hv (193 nm) > SisN,+ Products 
C,H2+ H2+ hv (193 nm) > C, (Diamond) + Products 


These films all have a range of applications, from 
integrated circuits or detector fabrication to coat- 
ings for wear resistance. Laser PVD and CVD are 
therefore exciting subject areas, and cannot be ig- 
nored as a Significant potential industrial coating 
technology in the future. 


4. Examples of Industrial Use 


Although laser processing technology has been 
researched and used commercially on a limited 
scale for many years, the increase in commercial 
use is tied to the development of reliable commer- 
cial high-power lasers. The availability of commer- 
cial laser systems is leading to the adoption of laser 
treatment technologies on a broader industrial 
scale, and the uses of the technology are expected 
to increase as high power lasers become increas- 
ingly cheaper and more reliable. 

Many companies have already realized signifi- 
cant production and cost benefits from implemen- 
tation of laser systems for a variety of uses. Laser 
cladding and smoothing are illustrative of the in- 
dustrial use of laser methods. 
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4.1 CQO, Laser Cladding 


Before deciding on the use of laser cladding, the 
aims of the process have to properly defined. For 
example, one might want to change the surface 
composition to produce a required structure for 
better wear or high temperature performance, or 
one might wish to build up a worn part or provide 
better corrosion resistance. 

In order to achieve the desired properties, the 
material parameters must be considered. If the 
item to be coated is made of Ti6AI4V aircraft alloy, 
for example, one must prevent oxidation as well as 
optimizing the composition and microstructure of 
the cladding. A 6-Ti+TiC layer at the interface 
will provide good wear resistance, but to achieve 
this the cladding powder must be properly chosen. 
The proper layer may be formed by adding a tran- 
sition metal or other carbide: 


TI6AI14V + XCB-Ti+ TiC 


where X is Mn, Fe, Cr, Co, W, Ni, Mo, V, Cb, or 
Ta. WC, Cr3C2 or Mo2C powders should give the 
required structure. 

Having established the surface coating material, 
one must 

¢ Optimize the laser cladding parameters to cre- 

ate the best surface shape, coating thickness, 
etc. 

¢ Evaluate the microstructure and wear proper- 

ties of the coating. 

It has been found that a satisfactory coating of 
Ti6Al4V can be made using a powder of 10-20 
wt% Cr3C2, and 20 wt% Mo2C. The material gave 
B-Ti+TIiC, and had excellent hot hardness. 


4.2 Excimer Smoothing 


Two main factors influence the interaction of the 
laser with the surface—the laser energy density 
and the number of laser pulses. Together with the 
presence of different gases [16] these factors affect 
the surface roughness, allowing smoothing or 
roughening can be achieved for a given material. 
Figure 108 shows the removal of grinding lines 
from a surface. The surface finish could be con- 
trolled by naturally roughening the surface to pro- 
duce surface textures, or by using a mask to 
produce patterns. The surface could also be al- 
loyed to form surfaces such as TiN, or TiO2. 


Removal of Grinding Lines 


Figure 108. Removal of grinding lines from a surface using an excimer laser (2, 6, and 16 pulses respec- 


tively). 


5. Economics of Laser Processes 


In putting any process into production one must 
consider both its technical and economic advan- 
tages and limitations. 

While research and development usually shows 
the technological limits and advantages, the calcu- 
lation of economic advantage is industry-depen- 
dent. The calculation of economics requires 
consideration of competing processes and of pro- 
duction needs, as well as a detailed knowledge of 
current manufacturing methods and accounting 
practices for the industry. Production costs must be 
properly calculated, including personnel, mainte- 
nance, capital cost, cost of space, etc. Finally, the 
potential user must be willing and able to adapt the 
production system to accommodate the new laser 
equipment and procedures. 

For the cam shaft application, for example, it 
could be demonstrated that the process had both 
technological and economic advantages [4]. For in- 
stance, the processing time was about 3 seconds 
per cam compared with 21 seconds for TIG remelt- 
ing. For actual workstations the production rates 
were 29 seconds for the laser and 35 seconds for 
the TIG station (4 rows, each with 2 TIG torches) 
for each cam shaft. 
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The operating costs for this process are reported 
in detail elsewhere (4). A cost of $350 per hour is 
reasonable for assessing the feasibility of a process. 
Remelting costs per camshaft were calculated at 
just under $1.75 per camshaft —a 54% reduction in 
cost [17]. 


6. Future Development of Laser 
Processes 


Laser treatment technology is continuing to grow 
in importance with the commercial availability of 
high power lasers. Some of the future uses of the 
technology (separated by type of laser used) are 
likely to be: 


Carbon Dioxide Laser: 
¢ Transformation hardening (cylinder blocks, 
couplings) 
¢ Melting (cam shafts) 
¢ Alloying (laser nitriding) 
¢ Cladding (engine exhaust valves and parts, tur- 
bine blades, molds) 


Neodymium YAG Laser: 
¢ Texturing (steel substrates) 
¢ Smoothing (brakes) 
¢ Adhesion and bonding 
* Coating removal, or depainting (paints, etc.) 


Excimer Laser: 
¢ Surface texturing and smoothing (metals) 
¢ Surface patterning (metal films) 
¢ Micromachining 
¢ Laser PVD and CVD coating deposition 
* Bonding 
* Coating removal (depainting) 
¢ Surface sensitizing 


7. Technology Requirements 


Laser technology has gained a _ significant 
foothold in industry to date and is being used more 
and more widely. However, one of the main factors 
limiting its industrial development is the high ini- 
tial capital cost of equipment. The excimer laser, 
especially, suffers from high cost and complexity 
with low reliability. Reliable, inexpensive produc- 
tion excimer lasers will be needed to bring excimer 
laser surface treatment to widespread industrial 
use. 

While there is always a need for higher power 
lasers, this must be traded off against other consid- 
erations, such as optics limitations, scanning speed 
limits, and overheating of the surface. When mate- 
rial is ablated by the laser beam, fouling of optical 
components and sensing of such things as the laser 
position are serious concerns. When using high 
power excimer lasers, for example, maintaining fo- 
cus can be a serious problem since the plasma pro- 
duced at the surface interferes with measurement. 

In industrial applications at the present time, the 
process is usually run according to a “recipe” 
rather than with feedback control. As more sophis- 
ticated processes become industrially viable, the 
need for better on-line quality control will become 
greater. For example, although they are seldom 
used in industry at present, precision treatments 
will require simple, robust, inexpensive beam diag- 
nostics for on-line beam shape profiling and analy- 
Sis. 

The large size of CO; lasers and their associated 
power supplies is a serious problem when they are 
used in expensive manufacturing space. A reduc- 
tion in their size and complexity will be important 
if they are to broadly compete industrially with 
Nd:YAG lasers. 
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As the demand for laser systems grows, more ef- 
fective, lower power, lower cost portable systems 
are beginning to be developed that are compatible 
with user-friendly CNC work handling systems. 
There is a general need for user-friendly software 
to integrate these laser systems with CNC work 
handling systems. 

With the newer laser techniques there are still 
some significant technological barriers to be ad- 
dressed before the technology can be successfully 
implemented. Lack of effective technology transfer 
between research and practical industrial applica- 
tions (and of course the natural public conception 
of lasers, such as the James Bond or Star Wars 
image) also hinders its effective use in industry. 
Proper understanding of the technology and devel- 
opment of industrial systems should lead to a more 
application-oriented development of the technol- 
ogy in the future. 
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